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Since the synthesis of the first carbon nanomaterials (CNM) 30 years ago, 
researchers and manufacturers have recognized the potential of these materials to 
transform the world.   The unique physical properties and incredible resilience of these 
materials gives them countless applications and has led to significant increases in their 
production over the last decade.  However, despite their growing prevalence, the 
properties and processes controlling the degradation of CNM in the environment 
remain poorly understood.  The primary purpose of this dissertation is to examine the 
role of environmental microorganisms in degrading CNM and to elucidate which CNM 
properties and environmental processes represent important controls on this 
degradation.  To accomplish this, a series of incubation studies were conducted in which 
pure fungal cultures and soils were exposed to a CNM.   
In pure culture studies the wood-decay fungi Trametes versicolor and Phlebia 
tremellosa were grown in the presence of single-walled carbon nanotubes (SWCNT) and 
CNT-polymer composites. By using CNT with varying purities and surface chemistries we 




enzymes by the fungi.  While fungal enzyme activity and growth patterns were not 
affected by purified and unfunctionalized SWCNT, incubation with either impure SWCNT 
or purified SWCNT with 3% surface carboxylation altered fungal growth morphology and 
the activity of the extracellular laccase and peroxidase enzymes. The role of CNM 
surfaces in initiating microbial responses to these materials was further highlighted by 
the inability of cultured fungi to increase enzyme activity when grown with CNT-polymer 
composites in which the CNT surface was not accessible.  To further explore the role of 
surface chemistry in controlling the degradation of CNM, laboratory soil incubations 
using 13C-enriched C60 fullerenes were conducted.  We observed that while pristine C60 
was not degraded in the soil, C60 that had been previously abiotically transformed by 
prolonged photo-exposure were, with ~0.78 % of added C60 mineralized.  In a follow up 
study using C60 fullerols, a hydroxylated analog of C60 fullerenes, were found to be 
rapidly mineralized in soils with a maximum mineralization of ~59.1 % of fullerol C 
mineralized.  Analysis of microbial phospholipid fatty acids (PLFA) extracted from soils 
found that Gram negative PLFA contained the largest proportion of fullerol derived 13C. 
 The works in this dissertation are the first to demonstrate that surface 
functionalization is necessary to induce an enzymatic response in saprotrophic fungi and 
first to confirm that abiotic degradative processes are able to significantly increase the 
rate of CNM decomposition in soils. The use of isotopically labelled CNM has allowed for 
sensitive quantification of microbial mineralization and uptake of CNM carbon. 
Together, these findings demonstrate the critical importance of surface chemistry in 





CHAPTER 1. INTRODUCTION 
1.1 Research Background and Significance 
1.1.1 A new allotrope of carbon 
The synthesis of the first carbon nanomaterial (CNM) by Kroto, Smalley, and Curl 
at Rice University in 1985 continues to have far-reaching impacts in the fields of 
chemistry, physicals, materials science, engineering, and medicine.  This first CNM, 
buckminsterfullerene, would become the first of a number of new allotropes of carbon 
in a material class known as fullerenes (Kroto et al. 1985).  Like all nanomaterials, CNM 
are incredibly small structures with dimensions on the order of nanometers (10-9 m) but 
are comprised of an ordered physical structure that differentiates CNM from collections 
of other small carbon-based particles (e.g. amorphous carbon).  Fullerenes, a type of 
CNM, have a graphenic (i.e. flat sheets of aromatic carbon) structure that has many 
similarities to what is found naturally in the mineral graphite.  In addition to its planar 
form, fullerenes may be synthesized in a variety of three-dimensional forms ranging 
from simple cylinders and spheroids to more complex structures (Figure 1.1). 
Buckminsterfullerene or C60 is a fullerene made of a series of alternating 5- and 6-carbon 
rings that formed a spherical structure (the soccer ball like appearance of C60 gives rise 





Similarly shaped fullerenes with different dimensions have also been synthesized 
and include C32, C50, and C70 among countless others. Carbon nanotubes (CNT) are 
cylindrical fullerenes that resemble a rolled-up graphene sheet (Iijima 1991). The 
resulting tube’s diameter is determined primarily by the number of layers in the wall of 
the structure with single-walled carbon nanotubes (SWCNT) being more narrow than 
multi-walled carbon nanotubes (MWCNT).  In either case, the length dimension of the 
tube often greatly exceeds its diameter and it is possible to synthesis CNTs with a 
1:100,000,000 aspect ratio.  
 
Figure 1.1 CNM exist in a variety of configurations that result in different physical and 
chemical properties; (A) C60 (Buckminsterfullerene), (B) C60(OH)8, a fullerol, (C) graphene 
sheet, (D) Single-walled carbon nanotube 
Regardless of morphology, all fullerenes share a number of properties as a result 
of their structure that have elicited interest in a wide variety of fields.  The highly 





and Lorents 1995).  MWCNT have been produced with an ultimate tensile strength of 
over 60 Gigapascals which greatly exceeds the tensile strength of conventional materials 
such as steel or wood (Yu et al. 2000). This strength makes the incorporation of 
fullerenes into materials that are workable at a macroscopic scale an active area of 
research (Coleman et al. 2006).  The highly condensed nature of fullerenes also makes 
them chemically resilient, as only exposed edges and defect sites are viable reaction 
centers for covalent bonding (Hirsch 2002). Despite this resilience it is possible to 
modify the surface chemistry of fullerenes under certain conditions (e.g. high heat and 
exposure to strongly oxidizing acids (Liu et al. 1998)) to create a fullerene derivative 
with significantly different properties than the original material (Nakamura and Isobe 
2003).  For example, the addition of polyethylene glycol moieties to SWCNT dramatically 
increases the water solubility of the resultant nanomaterial (Zhao et al. 2005). 
Functionalization of fullerenes allows for a greater range of possible applications, e.g. as 
drug delivery vehicles (Bianco et al. 2005; Bakry et al. 2007).  
 As aromatic structures, the carbon atoms in fullerenes are sp2 hybridized 
resulting in delocalized electrons that are free to convey charge depending on the 
morphology of the fullerene.  CNTs, for example can be formed with varying degrees of 
curvature and with different alignments that impact electrical properties of the tube 
(Avouris 2002).  This property allows CNT to be metallic, semimetallic, or 
semiconductive characteristics, depending on chiral angle.  The fine-tuning of CNT 





such as transistors (Franklin et al. 2012) and piezoelectric nanosensors (Hierold et al. 
2007). 
1.1.2 Environmental concerns about CNM 
The myriad applications of CNM have led to considerable demand for fullerenes 
and other nanomaterial products, resulting in the formation of the nascent 
nanotechnology industry and commercialization of nanomaterials.  Innovations in 
synthesis methods and development of production infrastructure have allowed for 
dramatic increases in the production capacity of CNM, resulting in a correspondingly 
sharp decline in the cost of nanomaterials. Considering MWCNT as an example, 
production by industry has increased over 100-fold in the last decade resulting in a 450-
fold reduction in the price of MWCNT (De Volder et al. 2013; Zhang et al. 2013). The 
steadily falling cost of nanomaterials is expected to result in greater demand for CNM as 
mass-produced fullerenes become an economically feasible replacement for 
carbonaceous fillers such as carbon black in rubber and polymer applications (Zhang et 






Figure 1.2 Trends in CNM research, commercialization, and synthesis (A) and a selection 
of CNT containing products. Reproduced with permission from De Volder et. al (2013). 
Despite the advances in CNM synthesis and application, there is relatively little 
knowledge on how the eventual release of CNMs into the environment can be expected 
to impact the health and safety of ecosystems. Environmental exposure to 
nanomaterials such as fullerenes is expected to occur through accidental release from 
production facilities, as a result of the regular disposal of nanomaterial containing 
products at the end of their life-cycle, and through contamination of waste water 
following use of nanomaterial containing therapeutics and cosmetics (Gottschalk and 
Nowack 2011; Nowack et al. 2012; Yang et al. 2015). Accidental release of bulk CNM has 





relatively large surface area of nanomaterials powders allows them to be easily 
scattered by air currents outside of controlled conditions.  The disposal of nanomaterial 
containing products in landfills presents the risk that fullerenes liberated by weathering 
of the product will infiltrate ground waters and become distributed throughout soils.     
Environmental contamination of CNMs presents a potential threat to the health 
of organisms exposed to fullerenes.  Laboratory studies have reported CNM toxicity in a 
wide variety of organisms ranging from soil microbes to humans (Navarro et al. 2008).  
Of particular concern are those studies that demonstrate detrimental effects of CNM on 
the microbes and invertebrates that regulate important ecosystem-sustaining processes 
like nutrient cycling in soils, as disruption of these services has the potential to damage 
entire ecosystems (Holden et al. 2013). The addition of low-purity SWCNT to low-carbon 
soils was found to alter soil microbial community while inducing metabolic changes in 
the soil (Tong et al. 2012). Even in the absence of the acute toxicity, CNM have the 
potential to influence ecologically important populations with chronic exposure. For 
example, MWCNT contamination of food at concentrations as low as 37mg kg-1 resulted 
in decreased reproduction rate in the earthworm Eisenia veneta while similar 
concentrations in soils resulted in DNA damage in the same species (Scott-Fordsmand et 
al. 2008; Hu et al. 2014). The inclusion of MWCNT in growth medium also been found to 
impact exposed plant species such as the tomato, Lycopersicon esculentum, which 
increased its expression of genes commonly associated with a stress response. 
Interestingly, tomatoes grown in the presence of MWCNT were observed to have 





examining the exposure of Asian rice (Orzya sativa) to MWCNT, the nanomaterials could 
be traced into both leaf and seed tissues (Lin et al. 2009). These studies suggest that 
under some conditions CNM might enter food chains through contamination of primary 
producers.  
Like many potential environmental toxins, the toxicity of CNM appears to be a 
complex function of a number of factors.  Comparisons of fullerenes with differing 
morphological characteristics such as the size and shape report conflicting results. A 
number of studies have found that the smaller, spherical fullerenes such as C60 are less 
damaging that larger structures such as CNT (Jia et al. 2005; Scott-Fordsmand et al. 
2008). However, a study assessing the antibacterial effects of C60 fullerenes found that 
decreased aggregate size resulted in increased cytotoxicity (Lyon et al. 2006) while a 
study on the toxicity of functionalized SWCNT found that highly compact aggregates 
correlated with decreased cytotoxicity (Pasquini et al. 2012). Conflicting results in 
toxicological studies on CNM are relatively common, and are possibly the result of 
failure to account for environmental factors in experimental design (Holden et al. 2013).  
Environmental factors such as the presence of organic matter and solution ionic 
concentration are important controls on CNM stability with importance consequences in 
determining toxicity.  Lyon et al. for example, found that toxicity of fullerene 
suspensions towards Escheria coli and Bacillus subtilis was greater when the exposure 
occurred in a growth medium with low salt content that prevented aggregation of the 
fullerenes (Lyon et al. 2005). Stabilization of fullerenes by dissolved organic matter may 





of organic matter to reduce the toxicity of CNM is further supported by the observation 
that SWCNT added to a low carbon soil had a measurable impact on soil microbial 
community while addition to a more organic matter rich soil failed to produce any 
significant changes (Tong et al. 2012).  Although these studies highlight the necessity of 
considering environmental interactions with CNM when assessing their potential 
toxicity, a great deal more work is needed to fully understand the extent to which 
substrate characteristics are able to influence CNM toxicity. 
1.1.3 The environmental fate of CNM 
The resilience of highly condensed aromatic particles such as CNM suggests that 
following release into the environment, fullerenes in most forms are likely to be highly 
recalcitrant and thus have the potential to accumulate in sediments and soils (Batley et 
al. 2013).  However, because fullerenes can be produced with a wide range of 
morphologies and surface chemistries, some fullerenes will be more susceptible to 
environmental transformation than others.  As with toxicity, the environmental 
degradability of CNM is thought to involve a number of factors including nanomaterial 
morphology, surface chemistry, and purity; all of which may then interact with the 
geochemistry and microbiology at the location of release. The high aspect ratio of 
fullerenes such as CNT and formation of large nanomaterial aggregates under certain 
conditions are likely to prevent uptake of CNM by common degradative organisms, 
limiting biotic degradation to extracellular processes such as enzymatic oxidation. A 
number of studies have demonstrated the potential for such enzymes to modify CNMs.  





horseradish peroxidase have found that given long-term exposure, the enzyme is able to 
degrade the nanomaterials (Allen et al. 2008).  Schreiner et al. (2009) demonstrated that 
white-rot fungi, which are capable of producing powerful lignin degrading enzymes, 
were able to enzymatically bleach hydroxylated C60 while being unable to modify the 
fully aromatic C60 (Schreiner et al. 2009).  Other studies reported that degradation of 
MWCNT increased with surface functionalization (i.e. carboxylation) which further 
supports that surface chemistry is important in controlling microbial degradation of 
CNM (Zhao et al. 2011). In fact, Berry et al. (2014), the work conducted in CHAPTER 
TWO of this dissertation, demonstrated that only 2-3% surface carboxylation of purified 
SWCNT, was sufficient to induce oxidative enzyme activity in fungal cultures.  
The transformation of fullerenes is not limited to biotic processes, the role of 
abiotic processes such as photo-oxidation in CNM degradation has been widely 
explored.  Exposure of aqueous C60 suspensions to visible light results in the formation 
of reactive oxygen species (ROS) such as superoxide anion and singlet oxygen that 
facilitate the oxidation of C60 and the alteration of it surface properties (Hou and Jafvert 
2009; Hou et al. 2010). Similar results are reported in suspensions of SWCNT, MWCNT, 
and planar graphene when exposed to light (Chae et al. 2011; Zhao and Jafvert 2015).  
ROS produced by photo-exposure of CNM increases as a result of SWCNT surface 
functionalization, suggesting that photo-degradation of CNM might result in a positive-
feedback loop facilitating further ROS generation and surface oxidation (Chen and 
Jafvert 2011). The increased degradative potential of oxidative enzymes towards 






might proceed synergistically via coupled abiotic and biotic processes. The study 
detailed in CHAPTER FOUR (Berry et al., in review) provides the first evidence that 
interactions between degradative processes do have the potential to influence the 
environmental fate of CNM by increasing their mineralization in soils.  
1.2 Dissertation Content and Structure 
This dissertation addresses critical knowledge gaps related to the importance of 
coupled abiotic-biotic processes and CNM surface chemistry in controlling the 
environmental fate of CNM.  The guiding hypotheses addressed in this dissertation are 
(1) CNM surface chemistry is a significant control on the ability of microorganisms to 
degrade CNM and (2) Abiotic transformative processes (e.g. photo-irradiation) are able 
to synergistically increase the environmental degradation of CNM via biological 
processes.  We investigate these hypotheses using a multi-proxy (stable isotope, 
molecular microbiology) approach to track the fate of different pristine and 
functionalized CNM in soils and growth media.  Each chapter examines the 
transformation of and response to CNM by microorganisms over the course of an 
incubation period and addresses these hypotheses in order to expand the current 
knowledge on the factors controlling the environmental fate of CNM. 
CHAPTER TWO describes a fungal pure culture study that sought to determine 
the factors inherent to a specific nanomaterial that controlled the enzymatic response 
of saprotrophic organisms. A thorough understanding of the interactions between 
nanomaterial physiochemical characteristics and the ability of environmental organisms 






toxicity. This study placed pure cultures of the white-rot fungi Trametes versicolor and 
Phlebia tremellosa on growth media containing a variety of SWCNT, all produced by the 
same synthesis method, which allowed many of the confounding variables that often 
interfere with such studies to controlled.  We found that the activity of oxidative 
enzymes produced by the fungi did not increase when exposed to purified, 
unfunctionalized SWCNT. However, exposure of fungi to either unpurified or purified 
but carboxylated SWCNTs did result in increased enzymatic activity, though the exact 
nature of these enzymatic responses varied between fungi and different media types.  
This chapter has been published in the journal Environmental Pollution (Berry et al. 
2014) and has been reformatted for inclusion in this dissertation with permission from 
Elsevier. 
 CHAPTER THREE is an expansion on the study undertaken in CHAPTER TWO that 
seeks to understand the affect that CNM inclusion in products such as polymer 
composites has on the degradation of these materials.  This approach is relevant as 
many previous studies seeking to understand the degradation of CNM are limited in 
scope to include aqueous suspensions or dry deposition of fullerene powders.  Again the 
white-rot fungi T. versicolor was used a model organism to assess the enzymatic 
response of saprotrophic organisms to CNT containing polymer composites.  In contrast 
the previous chapter we found that surface functionalized CNT did not increase 
oxidative enzyme activity in white-rot fungi when embedded in polymer composites.  
This finding further highlights the crucial role of surfaces in controlling microbial 






CHAPTER FOUR explores the extent to which abiotic photochemical processes 
influence the biotic degradation of CNM.  Although evidence from several studies 
suggests a mechanism for interactions between abiotic and biotic processes, no study 
has demonstrated that an environmental relevant abiotic process can meaningfully 
impact biotic CNM transformation. To address this lack of experimental evidence a 
laboratory soil microcosm experiment was conducted in which C60 fullerenes that were 
enriched in the stable isotope 13C were progressively photo-oxidized before addition to 
an agricultural soil.  The use of isotopically labelled nanomaterials greatly increased our 
ability to track the fate of that carbon as it was degraded in the soils, allowing for the.  
This study, Berry et al. (in review) generated the first numbers for the microbially-driven 
decay of photo-irradiated C60. Although prolonged exposure of 13C60 to visible light (60 
days of constant exposure) resulted in measurable chemical and structural modification 
of the C60, the mineralization rate of the photo-oxidized product when added to soil was 
still quite low with an average mineralization of 180.9 ng/day.  
CHAPTER FIVE details an experimental follow-up to CHAPTER FOUR in which 
custom synthesized 13C-enriched C60 fullerols are used to represent a highly oxidized 
end-member product of abiotic oxidation of CNM.  The addition of the fullerols to the 
same soils used in CHAPTER FOUR resulted in significant nanomaterial mineralization, 
with an observed mineralization rate of 2.7 and 21.3 µg/day in low- and high-carbon 
soils respectively.  Additionally, the 13C from the fullerols was tracked into microbial 
phospholipid fatty acids from the high-carbon soil, revealing that microbial preference 






with the study discussed in CHAPTER FOUR provides additional novel results 
demonstrating that surface functionalization can significantly increase CNM 
mineralization in environmental substrates.  
 CHAPTER SIX summarizes the findings of the previous chapters and discusses 
additional research questions that warrant further investigation to improve our 







CHAPTER 2. OXIDATIVE ENZYMATIC RESPONSE OF WHITE-ROT FUNGI TO SINGLE-
WALLED CARBON NANOTUBES 
2.1 Abstract 
Although carbon nanomaterials such as single-walled carbon nanotubes (SWCNT) 
are becoming increasingly prevalent in manufacturing, there is little knowledge on the 
environmental fate of these materials.  Environmental degradation of SWCNT is 
hindered by their highly condensed aromatic structure as well as their size and aspect 
ratio, which prevents intracellular degradation and limits microbial decomposition to 
extracellular processes such as those catalyzed by oxidative enzymes.  This study 
investigates the peroxidase and laccase enzymatic response of the saprotrophic white-
rot fungi Trametes versicolor and Phlebia tremellosa when exposed to SWCNTs of 
different purity and surface chemistry under different growth conditions.  Both 
unpurified, metal catalyst-rich SWCNT and purified, carboxylated SWCNTs promoted 
significant changes in the oxidative enzymes activity of the fungi while pristine SWCNT 
did not. These results suggest that functionalization of purified SWCNT is essential to 







 Single-walled carbon nanotubes (SWCNTs), formed from single-atom thick 
sheets of carbon wound into nanometer scale tubes (Iijima 1991), display a number of 
remarkable properties ranging from superior tensile strength, thermal and electrical 
conductivity, and relative ease of chemical modification (Collins et al. 1997; Georgakilas 
et al. 2002).  These properties make CNTs promising components in next-generation 
thermopolymers, electronics, and drug delivery systems (Bianco et al. 2005; Trojanowicz 
2006).  As a result of their wide range of uses and the rapidly advancing production 
methods, carbon nanotubes are increasingly prevalent in manufactured products.  
Despite the increase in CNT production, very little is known about the eventual fate of 
CNTs once introduced into the environment through accidental release, dispersal in 
landfills, and as a part of biosolid waste for land application (Wiesner et al. 2009; Turco 
et al. 2011; Holden et al. 2013).  
 As with the vast majority of industrial products, the environmental fate of CNTs 
is partially dependent on degradation by microorganisms found in soils, sediments, and 
landfills (Klaine et al. 2008). Commercially produced CNTs have lengths on par, or much 
larger than, many biological cells with aspect ratios of up to 1,000,000 to 1 making 
intracellular degradation unlikely. Instead, the most likely mechanism by which 
environmental CNTs are microbially transformed and degraded are via extracellular 
redox processes, such as those catalyzed by oxidative enzymes (Allen et al. 2008; Zhao 
et al. 2011). Of particular interest are enzymes of the peroxidase and polyphenol 






enzymes catalyze the oxidation of aromatic structures by generating highly reactive 
radicals, which interact with aromatic structures in a variety of ways (Blanchette 1991; 
Leonowicz et al. 1999; Rabinovich et al. 2004).  Laccase, for example, oxidizes phenolic 
compounds into their corresponding phenoxy radicals; following radical formation, ring 
fission can be caused by spontaneous rearrangement and reaction with other nearby 
compounds (Thurston 1994; Leonowicz et al. 2001).  Peroxidase enzymes utilize heme 
cofactors in the presence of peroxides to facilitate a wide range of redox reactions 
(Dunford and Stillman 1976).  Environmentally important peroxidase enzymes include 
manganese peroxidase, which generates reactive Mn(III)-chelates (Forrester et al. 1988; 
Wariishi et al. 1988; Wariishi et al. 1992), in addition to more versatile peroxidases that 
are able to reduce and oxidize a variety of substrates (Camarero et al. 1999). Peroxidase 
and polyphenol oxidase enzymes, such as laccase, may also interact synergistically. For 
example, reactive species generated by oxidation of phenolic compounds by laccase are 
able to serve as substrates for versatile peroxidases; this synergy allows lignin-modifying 
enzymes to function as powerful degraders of highly condensed compounds (Leonowicz 
et al. 2001), including functionalized SWCNT (Allen et al. 2008). 
 As a result of their repertoire of degradative enzymes, saprotrophic fungi, such 
as the wood-rotting Basidiomycetes Trametes versicolor and Phlebia tremellosa, are 
considered excellent candidates for the degradation of a wide range of industrially-
produced xenobiotics (Rabinovich et al. 2004; Riva 2006). However, there is limited 
research demonstrating enzymatic or direct microbial decomposition of manufactured 






unreactive toward purified solutions of horse radish peroxidase, while mildly 
carboxylated, analogs exhibited chain shortening and oxidation under the same 
conditions.  Previous research by our group has demonstrated that lab-cultured white 
rot fungi are able to successfully degrade partially hydroxylated C60 fullerenes, i.e., C60 
fullerols (Schreiner et al. 2009). The distinction between pristine and functionalized, 
hydroxylated or carboxylated, may be crucial when estimating the potential for 
microbial decay of CNT’s as the highly condensed nature of unfunctionalized CNTs, may 
dramatically impede microbial decomposition and increase the potential for long-term 
environmental accrual as has been seen for pristine fullerenes. 
Research on the impacts of carbon nanomaterials on microorganisms has been 
largely focused on the impact of nanomaterials on bacterial monocultures where both 
CNT and fullerenes have demonstrated antimicrobial properties (Lyon et al. 2006; Kang 
et al. 2007; Arias and Yang 2009; Kang et al. 2009). In a study using a variety of different 
fullerene suspensions, the nanomaterials were found to function as potent antibacterial 
agents against the gram-positive bacteria Bacillus subtilis (Lyon et al. 2006), while 
unfunctionalized multiple-walled carbon nanotubes (MWCNT) were found to 
significantly decrease sporulation of the fungus Paecilomyces fumosoroseus in pure 
culture but had no effect on hyphal growth (Gorczyca et al. 2009). Kang et al. (2007, 
2009) found that SWCNT were effective in inactivating pure cultures of Escheria coli, 
Pseudomonas aeruginosa, Bacillus subtilis, and Staphylococcus epidermis in defined 






poor indicator of microbial deactivation in more complex environmental samples (Kang 
et al. 2007; Kang et al. 2009). 
It has been suggested that in more complex environmental systems, natural 
organic matter aids in the sorption of nanoparticles, diminishing their apparent toxicity 
(Li et al. 2008; Navarro et al. 2008).  Studies of fullerene toxicity in soil have found little 
impact on soil respiration or on bacterial and fungal communities (Tong et al. 2007). 
Additionally, a recent study found that unpurified CNTs that contain residual amorphous 
carbon and catalysts from synthesis are able to influence microbial community 
composition in soils with low organic matter content, diminishing certain fungal and 
bacteria groups, while having less impact in soils with higher organic matter content 
(Tong et al. 2012). Such findings are also consistent with reports of the microbial toxicity 
of carboxylated SWCNT in soils with low organic content (Rodrigues et al. 2013).    
The surface chemistry of CNT may not just control their chemical “lability” with 
respect to microbial enzyme decay, but may also play an important role controlling 
cytotoxic interactions of CNTs with soil microbial communities (Karakoti et al. 2006; 
Rodriguez-Yanez et al. 2013).  For example, the cytotoxicity of both SWCNTS and 
MWCNTs has been reported to significantly increase once their surface has been 
oxidized (Bottini et al. 2006; Fenoglio et al. 2008). Other studies, however, have 
demonstrated that increased density of surface functionalization of SWCNTs may 
actually decrease cytotoxicity (Sayes et al. 2006).  These seemingly contradictory 
responses are most likely a function of the propensity of functionalized CNTs under 






mitigate certain toxicological effects (Handy et al. 2008; Arias and Yang 2009; Pasquini 
et al. 2012).  
Impurities in CNTs derived from the manufacturing process, e.g. amorphous 
carbon and metal catalysts, must also be considered as potential influences on soil 
microbial activity. Although a broad range of synthesis methods exist for commercially 
available CNTs, many rely on formation of the nanomaterials around metallic 
nanoparticles catalysts (Melechko et al. 2005).  As a result, the majority of CNTs contain 
metal impurities (Ge et al. 2011).  For example, one popular method of large-scale 
SWCNT synthesis, electric arc discharge, uses nickel and yttrium catalysts(Journet et al. 
1997).  Liu et al. (2007) reports that catalytic nickel from a variety of SWCNT synthesized 
by this method is readily bioavailable, more so than the nickel salt NiCl2 used as a 
reference (Liu et al. 2007).  As is the case with the carbon nanomaterials themselves, 
bioavailability of the metal nanoparticles is highly dependent on environmental factors 
such as presence of soil organic matter and local redox conditions (Degryse et al. 2009; 
Auffan et al. 2010). One recent study in agricultural systems found that dissolution of 
natural organic matter by surfactants greatly increased mobility of heavy metals 
(Hernandez-Soriano and Jimenez-Lopez 2012). Mitigation of metal toxicity by organic 
matter has previously been thought to render the catalyst’s toxicity negligible in short-
term soil incubations, although the authors acknowledge that some evidence suggests 
CNTs act to compound the toxic effects of metals by increasing the mobility of catalytic 






To improve our understanding of the interaction between growth environment, 
in this case the nutrient richness of growth media, and fungal response to SWCNT of 
different purity and surface chemistry we compare the measured changes in oxidative 
enzymatic activity of the saprotrophic white-rot basidiomycetes Trametes versicolor and 
Phlebia tremellosa in inoculation experiments on both a simple, defined minimal media 
and a complex malt media high in organic and phenolic compounds. To minimize 
variables we use one commercial source of SWCNT, all prepared using the same electric 
arc process and an yttrium nickel catalyst, but treated to different levels of purity and 
surface functionalization.  
 We expect that purified SWCNT will induce a minimal enzymatic response in 
either media treatment given its lack of chemical functionality, low metal content and 
large aspect ratio. However, SWCNT with either high metal content or surface 
functionalization will induce oxidative enzymes activity, either as a detoxification 
response or an induction of aromatic/lignin-like decay processes.  Growth media 
nutrient content, which may be considered as a proxy for soil nutrient status available 
to microbes in a natural system, should modulate the ability of fungi to produce 
oxidative enzymes and thus we expect fungi on minimal media to have significantly 
reduced responses to metals or functionalized SWCNT. 
2.3 Materials and Methods 
2.3.1 Carbon Nanomaterials 
 Carbon nanotubes used in this study were purchased from Carbon Solutions Inc. 






yttrium/nickel catalyst to produce the nanotubes (Niyogi et al. 2002). Transmission 
electron microscopy (TEM),  using a FEI/Philips CM-100 Transmission Electron 
Microscope (FEI Company, Hillsboro, Oregon, USA) was employed to investigate the 
physical form, relative proportion of amorphous materials, and bundling of the SWCNT 
and compared with the manufacturers specifications to ensure conformity of the 
products. A summary of the chemical and physical characteristics of the SWCNT is 
provided in Table 2.1. The unpurified product, AP-SWCNT, contains single-walled carbon 
nanotubes, amorphous carbon, and metal catalyst.  To produce P2-SWCNT, an 
unfunctionalized but high-purity SWCNT, and the carboxyl functionalized and purified 
analog, P3-SWCNT, the AP-SWCNT stock is oxidized by reflux in concentrated nitric acid 
(Hu et al. 2003) and purified by cross-flow filtration. P2-SWCNT and P3-SWCNT can then 
be separated by differences in charge (Rinzler et al. 1998). P3-SWCNT have a surface 
functionalization of 1.0-3.0 % carboxylic acid which is the only significant difference 
between it and the purified but unfunctionalized P2-SWCNT.  Catalytic metal content 
and carbonaceous purity are determined by the manufacturer by thermogravimetric 











Table 2.1 Contents of Carbon Solutions nanocarbon added to media treatments. 
Nanocarbon was analyzed for purity by vendor as discussed in Itkis et al, 
Functionalization is given as the percentage of carbon atoms in nanocarbon with 












AP-SWCNT 60-70% 30% 30% None 10-25 
P2-SWCNT >90% 4-8% >90% None 4-20 
P3-SWCNT >90% 5-8% >90% 1-3% COOH 5-15 
 
2.3.2 Media and Plating 
 A two-layer media plating strategy with a denser base-layer was used to prevent 
carbon nanomaterials from settling to the bottom of the plate, away from the fungi 
which predominantly occupy the surface of the media. Specifically, each plate contained 
a 7.5 mm deep base layer of 3 % agar (w/w) with a second 2.5 mm layer of malt extract 
or minimal media agar poured on the surface of this layer.  The malt extract media 
contained barley malt extract (2 % w/w) (VWR LLC., Randor, PE, USA) and minimal 
media contains glucose (2 % w/w) and 1 mL yeast nitrogen base without amino acids 
made to manufacturers recommendations (Sigma-Aldrich, St. Louis, MO, USA) in 
addition to 2 % agar (w/w).  It is important to note that malt extract agar is a relatively 
complex chemical media as compared to the minimal agar media as it contains an array 
of plant-derived aromatic compounds and micronutrients (Bell et al. 1991; Zhao et al. 
2008). Treatments containing SWCNT were prepared by adding 50 mg of the desired 
nanomaterials (AP-SWCNT, P2-SWCNT, or P3-SWCNT) to 80 mL of media prior to 






(strain PRL 2845) were maintained on malt extract agar and transferred to experimental 
plates after two weeks of growth.  In order to establish the fungi on each plate, a plug of 
inoculum was placed on a 15 mm by 2.5 mm disc on malt extract agar at the center of 
each dish.  Plates were incubated in darkness at room temperature (~22 °C) for 60 days 
before sampling.  See Figure 2.1 for schematic and examples of plating scheme used in 
this study. 
 
Figure 2.1 Photo of fungal growth assay (left) and schematic diagram of media layers 
(right) used in this study. 
2.3.3 Enzyme Assays 
Oxidative enzymes were extracted from growth media and assayed using a 
modification of the methods presented in (Heinonsalo et al. 2012).  Briefly, four 8mm 
circular plugs were taken from each plate in positions corresponding to 25 % (referred 
to as zone 1) and 75 % (zone 2) of the distance between the center and edge of the 
plates; since fungal hyphae radiate outwards from the point of inoculation this sampling 
strategy allowed for a comparison of enzyme activity between more mature (central) 
and juvenile (peripheral) hyphae.  Agar plugs for each treatment were halved and 






microcentrifuge tubes (Costar Spin-X, Corning Inc., Corning, NY, USA).  Tubes were 
centrifuged at room temperature and 15,700 g for 30 minutes.   
The activity of laccase and peroxidase enzymes in the resulting supernatant was 
determined in a coupled colorimetric assay utilizing 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulphonate)  (ABTS) as a substrate.  Each milliliter of reaction 
solution contained 50 mM sodium malonate (at pH = 4.5), 0.5 mM MnSO4, 1.0 mM 
ABTS, and 0.1 mM H2O2 - to be added following an initial measurement (Sigma-Aldrich).  
The entire volume of liquid extracted from each tube (~200 μL) was added to the 
reaction solution and laccase activity was measured by absorbance at 420 nm after 20 
seconds. H2O2 was then added to serve as a peroxidase substrate, and absorbance was 
measured again after an additional 20 seconds.  Enzyme activity was quantified against 
a standard curve prepared by reacting purified laccase of known activity from T. 
versicolor with reaction solution.  
2.3.4 ICP-MS Analysis 
 The nickel and yttrium content of SWCNT-supplemented media and associated 
fungi was analyzed by inductively coupled plasma mass spectroscopy using a Perkin 
Elmer DRC-e ICP-MS (Perkin Elmer, Waltham, MA, USA). Fungal tissue was collected by 
using sterile forceps to peel the surface hyphae from the plates, taking care not to 
remove any non-fungal material on the media surface; to insure that media components 
didn’t contaminate fungal samples, only treatment conditions resulting in dense surface 
mycelium were sampled.  Removal of T. versicolor hyphae from plates was facilitated by 






dispersed evenly throughout, two 8 mm plugs of media were taken from each plate and 
homogenized and considered one replicate.  Metals present in media and fungal hyphae 
were extracted by dissolving the media or tissue in 10 % nitric acid at 100 °C for 60 
minutes. Following extraction and filtering to remove insoluble materials, solutions 
were diluted ten-fold to produce an extract in 1 % nitric acid matrix for introduction into 
mass spectrometer by nebulizer. A low concentration of nitric acid was used in the 
extraction in order to insure that SWCNT in the media plugs were not readily oxidized to 
release encapsulated catalyst, limiting the metals measured to that which have diffused 
from the surface of the nanomaterials. Nickel and yttrium were quantified against 
external yttrium and nickel standards.  An internal standard of 3.75 ppm gallium was 
used to correct for instrument drift. The aluminum, chromium, manganese, iron, 
copper, and zinc content of the initial supporting media, prior to SWCNT loading, was 
also determined by ICP-MS using the same extraction procedures. 
2.3.5 Statistical Analyses 
 Effects of SWCNT and media treatment on fungal enzyme activity were 
compared using two-way ANOVA with interaction using a standard least squares type 
model.  Treatment effects were analyzed separately for each sampling zone.  
Significance of inclusion of catalytic metals in media and differences between enzyme 
activity of SWCNT containing plates and controls was determined using student’s t-test. 
All statistical analysis was performed with JMP 8 (v8.0.2.0 SAS Institute, Cary, NC, USA).  







2.4 Results and Discussion 
2.4.1 Catalyst metal uptake into fungal tissue and dispersal in growth media 
 T. versicolor mycelia harvested from the AP-SWCNT/malt media treatment had a 
significantly higher concentration of both catalytic metals in comparison to mycelium 
grown on malt media control. Similarly, T. versicolor mycelium also had significantly 
increased metal concentrations when grown on P3-SWCNT supplemented media in 
comparison to control despite the manufacture’s chemical purification of the 
nanomaterials (see Table 2.2).  Unfortunately, the methods used in this study are unable 
to determine whether T. versicolor accumulated catalytic metals when plated on 
minimal media due to insufficient mycelia for harvest.  
Table 2.2 Concentration of SWCNT catalytic metals in T. versicolor hyphae grown on 
malt extract media (mean ± SD). Reported in mg metal/L digest after reflux of media 
plug or 10mg mycelia in 1.5mL of nitric acid (see methods section). 
 
As expected, the inclusion of unpurified AP-SWCNT in growth media greatly 
increased concentrations of nickel and yttrium in each media type compared to 
controls.  The purified P2 and P3-SWCNTs, however, contribute significantly lower but 
still measurable quantities of the catalyst metals to the media (Figure 2.2).  There was 
no significant difference in nickel concentrations between different media types when 
supplemented with the same nanomaterials, indicating that media type does not impact 
Nanomaterial Media [Ni] Mycelia [Ni] Media [Y] Mycelia[Y] 
Control <0.005 <0.005 <0.005 <0.005 
AP-SWCNT 1.490±0.218 0.146±0.044 0.588±0.154 0.118±0.064 






mobilization of this metal into media and that the extraction method used can be 
consistently applied with both minimal and enriched media. The differences in yttrium 
concentrations between malt extract media containing AP-SWCNT when plated with T. 
versicolor or P. tremellosa suggests that under nutrient rich conditions P. tremellosa 
may have a role in sequestration of yttrium but no significant effect on nickel 
concentration of the media.   
 
Figure 2.2 Concentrations of residual CNT catalyst metals in minimal and malt extract 
agar media containing AP, P2, or P3 SWCNTs for media plates inoculated with T. 
versicolor and P. tremellosa. Asterisks indicate significant difference between fungal 
treatments when grown on the same combination of SWCNT/media at α = 0.05;no 

































































 The effect of heavy metals on fungi have been widely studied, particularly in the 
context of fungal-based bioremediation processes, as environmental metal 
contamination frequently coincides with xenobiotic and organic wastes (Baldrian 2003).  
One such study of contaminated soil demonstrated that the white-rot fungi 
Phanerochaete chrysosporium and Pleurotus pulmonarius were able to colonize 
contaminated soil and degrade a variety of aromatic pollutants despite contamination 
with various heavy metals, including nickel (D'Annibale et al. 2005). In environments 
with significant concentrations of heavy metals, fungi often serve as major sinks of the 
metals (Gast et al. 1988; D'Annibale et al. 2005; Svoboda et al. 2006). The primary 
method of fungal accumulation of metal is sorption to fungal cell walls (Gabriel et al. 
2001). With respect to the present study, sorption to fungal cell walls is the most likely 
mechanism of fungal uptake of catalytic metals, as the large physical size of SWCNT-
bundles would prohibit the direct uptake of nanomaterials.  Studies on the absorptive 
capacity of nickel by T. versicolor have found that the fungus is capable of significant 
nickel uptake and growth in a liquid media with nickel concentrations of up to 400 mg/L 
which is far below the concentrations of nickel found in the media of the present study 
(Yetis et al. 1998; Dilek et al. 2002).    
 Although the inclusion of these SWCNTs did not necessarily introduce toxic 
concentrations of catalytic metals into growth media, their concentrations may still be 
physiologically relevant.  For example, morphological changes to basidiomycetes upon 
exposure to heavy metals has included increased density of mycelium as a result of 






1992).  Additionally, a large number of fungi are found to produce both extracellular and 
cell-bound pigments in response to metal exposure (Gadd 1993; Baldrian 2003); these 
protective pigments include various melanins which are able to bind to and insolubilize 
metals (Fogarty and Tobin 1996).  In previous studies, T. versicolor and the related 
Trametes pubescens were observed to produce a dark brown melanin pigment in 
response to heavy metal exposure, these same studies reported greater changes in 
morphology (hypothesized to indicate increased toxicity) in less complex media than in 
corresponding cultures grown in enriched media (Baldrian and Gabriel 1997; Galhaup 
and Haltrich 2001).  In the present study, T. versicolor grown on minimal media 
containing AP-SWCNT were found to produce dark melanin-like pigments, which were 
easily observed by visual inspection (see Figure 2.3). These pigments were not produced 
by cultures grown with purified SWCNT suggesting a metal-induced response in this 
experiment, consistent with previous studies using this fungus. It is also worth noting 
that only the minimal media with AP-SWCNT treatment did not have confluent growth 
at the end of the study, all other treatments showed symmetric growth rings about the 
initial fungal plug.  Melanin production and asymmetric growth highlight the high 








Figure 2.3 T. Versicolor colonies after one month growth on minimal media (A), minimal 
media with AP-SWCNT (B), and malt extract media with AP-SWCNT (C). Mycelia density 
is increased when grown on malt extract agar in comparison to minimal media; growth 
in the presence of AP-SWCNT is confluent on malt extract media (surface mycelia 
conceal SWCNT in media). T. versicolor cultured on minimal media with AP-SWCNT 
produced a dark pigment not found in cultures grown on other media types. Concentric 
circles indicate distance representing 25% (zone 1) and 75% (zone 2) of the distance 
between center of plate and plate wall.   
2.4.2 Enzyme Activity 
 Differences in enzyme activity between cultures grown with and without 
SWCNT are presented in Figure 2.4. Inclusion of unpurified or carboxylated SWCNTs has 
a significant impact on the activity of oxidative enzymes produced by both tested fungi 
whereas purified, unfunctionalized SWCNTs have little impact on enzyme activity in 
either the malt or minimal media used in this experiment. Additionally, the inclusion of 
unpurified AP-SWCNT to malt extract agar resulted in significant increases in both the 
laccase and peroxidase activity of T. versicolor cultures while only laccase activity is 
elevated when AP-SWCNT is included in minimal media.  Cultures of both species 
exposed to AP-SWCNT in minimal media also had significantly increased laccase 
production, while only P. tremellosa demonstrated increased peroxidase activity under 
      






these conditions. These results are thought to reflect the differing nutrient 
requirements and substrate interactions important in controlling enzyme production by 
the two fungi. Similarly complex interactions between nutrient availability and the 
presence of aromatic compounds in media have been reported previously in white-rot 
fungi and were found to vary between fungal strains (Rogalski et al. 1991). 
 
Figure 2.4 Differences in laccase and peroxidase activity in growth zones 1 (top) and 2 
(bottom) in response to SWCNT inclusion in minimal and malt extract media containing 
AP, P2 or P3 SWCNTs inoculated with T. versicolor or P. tremellosa. Activity is reported 
in mU/mL liquid extract from media. Asterisks indicate a significant difference between 

































































Change in Enzyme Activity in Zone 1 






 Melanin production by T. versicolor was also observed in the older hyphae of 
zone 1 when grown under nutrient limited conditions with AP-SWCNT (see Figure 2.3).  
The significant increase in laccase activity in this growth zone is consistent with the role 
played by oxidative enzymes in the formation of extracellular melanin in white-rot fungi 
(Bell and Wheeler 1986).  Extracellular melanin can be produced by the oxidative 
degradation of phenolic compounds, either located in the environment or secreted by 
the fungus itself for that purpose.  Similar responses have been demonstrated in other 
white-rot fungi in response to high metal concentrations; Galhaup et al. found that both 
laccase activity and melanin formation increased with copper concentration (Galhaup 
and Haltrich 2001).   
 Exposure to the purified and unfunctionalized P2-SWCNTs to either growth 
media did not significantly affect the enzymatic activity of either fungus, while the effect 
of inclusion of P3-SWCNT on enzyme activity was dependent on a combination of hyphal 
location and media composition.  Specifically, in the presence of P3-SWCNT, T. versicolor 
peroxidase activity was suppressed in minimal media when sampled in zone 1, near the 
original fungal plug, but was not significantly altered when sampled distally in zone 2. In 
contrast, growth in the presence of P3-SWCNT on malt agar led to a significant increase 
in peroxidase activity of hyphae in zone 2.  T. versicolor laccase activity was elevated 
with P3-SWCNT exposure in zone 1 on both media types and dramatically increased 
under minimal conditions when sampled in zone 2.  As P2 and P3-SWCNT contain similar 
quantities of residual catalyst, the presence of metal is not likely to be the source of the 






of carboxyl into the structure of P3-SWCNT as a result of carboxylic acid 
functionalization.  This indicates that the carboxyl functional groups on P3-SWCNT 
directly induced oxidative enzyme activity and thus that functionalization may be a 
necessary condition for fungal-driven decomposition of CNT. 
 In contrast to T. versicolor peroxidase activity when grown on minimal media 
containing P3-SWCNT, P. tremellosa peroxidase activity was dramatically increased 
under these same conditions. Although P. tremellosa  produces a compliment of 
manganese-independent peroxidases (Hatakka et al. 1992) which might be expected to 
limit the reliance of peroxidase activity on media Mn(II) availability, no difference was 
found in Mn(II) between media types. White-rot fungi are known to exhibit complex 
enzyme patterns and responses that are mediated by a variety of factors including 
media composition and age of the hyphae, both of which must be taken into account 
when evaluating enzymatic responses to SWCNT exposure (Hatakka 1994).   
 The results of the enzyme assays in this study indicate that the enzymatic 
response of white-rot fungi to SWCNT is complex and mediated not solely by fungal 
species, media composition, or substrate functionalization, but also by interaction 
between these factors (Table 2.3). Previous studies have demonstrated that the age of 
mycelium is important in determining enzyme activity; some species focus on enzymatic 
production during expansion while others have greater enzymatic activity once 
expansive growth has been completed and the fungi enters a secondary metabolic stage 
(Hatakka 1994).  Decreased age of mycelia (by proxy of sampling from zone 2 rather 






on T. versicolor laccase activity and of media type on P. tremellosa peroxidase activity 
(compare zones 1 and 2 on table 2.3). These findings suggest that the drivers of 
enzymatic response to SWCNT exposure may differ in less-mature mycelia between 
fungi, with T. versicolor enzyme production being controlled by media composition 
while P. tremellosa enzyme activity is more impacted by SWCNT characteristics. 
Table 2.3 P values from two-way ANOVA on fungal enzyme activity to determine 
significance of media type and SWCNT addition. Bolded values indicate a significant 
effect (α=0.05). 








Zone 1     
Media Type 0.0048 <0.0001 <0.0001 <0.0001 
SWCNT <0.0001 <0.0001 <0.0001 <0.0001 
Media Type *SWCNT <0.0001 0.0857 <0.0001 <0.0001 
Zone 2     
Media Type <0.0001 0.0003 <0.0001 0.0666 
SWCNT 0.6262 <0.0001 0.0014 0.0297 
Media Type *SWCNT <0.0001 0.0004 <0.0001 0.3742 
 
2.5 Implications of study in fungal/nanomaterial interactions 
 The patterns of enzyme activity outlined in this study offer valuable insights on 
the interactions between SWCNT surface chemistry, nutrient growth conditions, and 
type of saprotrophic fungi.  As purified, carboxylated SWCNT resulted in increased 
activity of oxidative enzymes while purified but unfunctionalized analogs exhibited no 
change in activity it can be concluded that surface chemistry of the nanomaterial has a 
direct influence on fungal response to SWCNT. Contrary to our original hypothesis that 
nutrient rich media would allow for a more significant change in enzyme activity in 






when compared to nutrient poor growth conditions. This suppressed response may be a 
result of phenolic compounds in the malt extract media, which could bind to or help 
aggregate surface functionalized tubes, thus reducing effective exposure to the hyphae.  
Although some changes in enzyme activity in the AP-SWCNT treatments might be 
explained as an induction of enzyme production by metals and other impurities in the 
AP product, not all enzymatic responses can be considered a result of non-SWCNT 
factors.  Specifically, the induction of oxidative enzyme activity by P3-SWCNT but not by 
the unfunctionalized and purified P2-SWCNT, nanomaterials which differ only in surface 
functionalization, indicates that the 1-3% carboxyl content of P3-SWCNT is the driver of 
the observed changes in enzyme activity. 
 Given the low concentration of residual metal catalysts measured in the 
growth media, we conclude that it is unlikely that the Ni/Y catalysts present in these 
SWCNTs were a significant source of cytotoxic interactions, though they may play an 
important role in the enzymatic response of some fungi towards SWCNTs. The observed 
elevation of oxidative enzyme activity when fungi were exposed to unpurified SWCNT 
and functionalized SWCNT stands in contrast to the lack of significant enzymatic 
response to purified, unfunctionalized SWCNT.  This finding suggests that pristine 
SWCNT released in the environment would not promote a degradative response by 
saprotrophic fungi in soils. Although this study provides no direct evidence of SWCNT 
transformation by fungal oxidative enzymes, we have demonstrated for the first time 
that activity of oxidative enzymes in the laccase and peroxidase family are significantly 






provide important context for future mechanistic studies of interactions between white-
rot fungi and SWCNT. 
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CHAPTER 3. FUNGAL INTERACTIONS WITH CARBON NANOTUBE COMPOSITES 
3.1 Abstract 
 The exceptional physical and chemical resilience of carbon nanotubes (CNTs), 
combined with their light-weight and high aspect ratios make them promising fillers for 
next generation composite materials.  Despite growing production capacity and demand 
for composites of CNT, very little is known about how these composites degrade or are 
otherwise transformed in the environment.  In the previous study (CHAPTER TWO) we 
demonstrated a significant enzymatic response by the white-rot fungi T. versicolor to 
surface functionalized single-walled carbon nanomaterials.  In the present study we 
discuss the results of a 60 day incubation of T. versicolor with thin wafers of CNT-
chitosan and CNT-polycaprolactone (PCL) composites.  We report no significant changes 
in the activity of either laccase or peroxidase produced by the fungi when incubated 
with CNT-PCL composites. CNT-chitosan composites, however, resulted in an apparent 
decrease in fungal laccase activity. Incubation of both CNT-chitosan and CNT-PCL wafers 
on growth media resulted in significant changes in both FTIR and XPS spectra as 
compared to the initial composites.  However, these changes from the initial proved to 
be identical between fungal and non-fungal control treatments and were ascribed to 






Although the results of the composite experiments were equivocal, when contrasted 
with the results of CHAPTER TWO, it further highlights the importance of accessibility to 
CNT surfaces as a driver of the microbial response to these materials. 
3.2 Introduction 
With easily modifiable surface-chemistry, exceptional tensile strength, and a 
high surface area to volume ratio, carbon nanotubes (CNT) have a wide variety of 
applications including microelectronics, drug delivery platforms, and light-weight, wear-
resistant materials (Georgakilas et al. 2002).  Despite the incredible potential of CNTs, 
their tendency to form large aggregates as a result of Van Der Waals interactions 
between tubes frequently results in an unstable suspension (Thess et al. 1996) that 
limits their use in applications which require an even distribution of CNTs (Capek 2009). 
The formation of large aggregates by CNT has important implications in the use of CNT-
containing products for biological uses as a number of previous studies report that 
increased aggregated size corresponds to increased cytotoxicity to a variety of cell types 
(Handy et al. 2008; Pasquini et al. 2012). In order for CNT to be used successfully in 
these applications the tendency to homoaggregate must be overcome and the CNTs 
dispersed. Covalently functionalizing CNT to make them less hydrophobic is popular in a 
number of applications, however to achieve useful dispersal larger CNTs may require 
significant functionalization. Covalent surface functionalization of CNT is not always 
suitable however, as extensive functionalization disrupts the distributed π-bonding 
networks responsible for the conductive properties of some CNTs (Ausman et al. 2000).  






(Ausman et al. 2000) and/or polymeric substances (Star and Stoddart 2002) that disrupt 
Van Der Waals interactions and encourage aggregate stability. These approaches may 
be used in combination; in applications requiring well-dispersed nanomaterials for 
structural or conductive purposes, deposition of slightly functionalized CNTs suspended 
in stabilizing polymers to form nanocomposites is an attractive solution (Wang and 
Keddie 2009). As a result of nanomaterial inclusion, polymer nanocomposites often 
have superior mechanical, electrical, and thermal properties than polymer composites 
with more traditional filler materials (Wang and Keddie 2009).  These properties make 
CNT nanocomposites promising materials for use in next-generation packaging (Lopacka 
2013), data storage, electronic displays, biosensors, and other microelectronic 
applications (Avouris 2002; Zhang et al. 2016).   
Although an increasingly active area of research, there are relatively few studies 
exploring the environmental impact and fate of nanomaterials, especially when included 
in composites. Studies investigating the interactions of carbon nanomaterials with 
microorganisms have found that toxicity and degradation of nanomaterials depend on 
complex factors such as nanomaterial morphology and functionalization, for example 
the oxidative enzyme horseradish peroxidase is able to more quickly degrade carboxylic 
acid functionalized CNT than similar pristine CNT (Allen et al. 2008; Zhao et al. 2011).     
While developing an understanding of microbial interactions with free CNTs (as 
highlighted in CHAPTERS ONE and TWO) is important in assessing their environment 
impacts, the inclusion of nanomaterials as fillers in polymer composites is likely to 






of these materials in industry. As CNT surface chemistry appears to be an important 
factor in initiating an enzymatic response to these materials (Berry et al. 2014) inclusion 
in nanocomposites is expected to limit biological interactions by occluding the surface of 
the CNTs. A decrease in exposed surface area can also be expected to result in a 
significantly different response from degradative microorganisms that are challenged 
with CNT nanocomposites than would be in exposed to nanomaterials alone.    
In this chapter the results from a study investigating the enzymatic response of 
the model white-rot fungus Trametes versicolor towards CNT containing 
nanocomposites are presented.  Wood-decay fungi such as T. versicolor possess a 
number of powerful oxidative enzymes to facilitate the degradation of natural highly 
condensed substances such as lignin (Leonowicz et al. 1999). The fungi can also degrade 
a variety of highly condensed xenobiotics including dyes, coal residues, and 
polyaromatic hydrocarbons (Ollikka et al. 1993; Gramss et al. 1999; Hofrichter et al. 
1999). Previous studies from this research group have highlighted the important role of 
nanomaterial surface chemistry in the enzymatic response of saprotrophic fungi. In 
laboratory incubations, pure cultures of white-rot fungi were found to enzymatically 
bleach surface oxidized C60 fullerols but not their unfunctionalized fullerene analogs 
(Schreiner et al. 2009). The importance of surface chemistry is further demonstrated by 
a study that links increased oxidative enzyme activity to the presence of CNT in fungal 
growth media only when nanomaterial surfaces have functionalized with carboxylic acid 
(Berry et al. 2014).  Because CNT included in CNT-Composites little exposed surface 






nanomaterial filler in these composites. After long term exposure however, fungal 
enzymes might be expected to ‘weather’ the polymer component of the 
nanocomposites enough to expose carbon nanomaterials, as has been previously 
demonstrated in vitro with PCL coated nanotubes (Zeng et al. 2006).  
3.3 Materials and Methods 
3.3.1 Nanotube composite synthesis 
 To prepare CNT/chitosan nanocomposites, a 20 mg/mL aqueous stock solution 
of chitosan (MW 20,000; Sigma-Aldrich, St. Louis, MO, USA) in 2% v/v acetic acid 
(Thermo Fisher Scientific, Waltham, MA, USA) was stirred and heated at 50 °C for 
approximately four hours. Surface oxygenated single-walled carbon nanotubes (SWCNT; 
Carbon Solutions Inc., Riverside, CA, USA) or similarly functionalized multi-walled carbon 
nanotubes (MWCNT, Nanocyl, Auvelais, BE) were weighed separately and added to the 
chitosan stock solution to produce 0.1 % and 1 % w/w mixtures (refer to Table 3.1 for 
CNT characteristics).  Each mixture was then sonicated for 4 hours with frequent stirring 
to produce stabile suspension of CNT and chitosan macromolecules. Following 
sonication, the suspension was centrifuged at 4000 rpm to remove any aggregates.  The 
wafers were cast by transferring 5 mL of each suspension into aluminum dishes (44 mm 
diameter, 12.5 mm height) for drying overnight. Finally the wafers were soaked in a 1 M 
NaOH bath for 1 hour to remove excess acetic acid and washed thoroughly with 
deionized water.  
 To produce PCL nanocomposites ethylcellulose was used as a natural, 






Ethylcellulose (0.2 % and 2 %) and MWCNT (0.1 % and 1 %) were added to 40 mL 
tetrahydrofuran and sonicated for four hours with frequent stirring to produce a stable 
CNT and ethylcellulose suspension. Following sonication, polycaprolactone (Sigma-
Aldrich, 0.1 % and 1 % w/w) was added to the appropriate suspension to produce 
suspensions with a final ethylcellulose to MWCNT to PCL ratio of 2:1:1. This suspension 
was sonicated for 2 hours and cast in aluminum dishes as above. Dishes were soaked in 
DI water to facilitate removal of PCL nanocomposites wafers.  
Table 3.1 Characteristics of CNT included in polymer composites. NC7000 were 
oxygenated by HNO3 reflux for 5 hours at 110 °C before purification by filtration and 
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3.3.2 Fungal inoculation experiments 
 Plates containing malt extract agar (2 % w/w; VWR LLC., Randor, PE, USA) were 
inoculated in the center with T. versicolor (strain MAD697-R). Two pieces of 
nanomaterial composite wafer were placed 2 cm away from the inoculating plug on 
either side (Figure 3.1). Because the nanomaterial composite wafers used in this study 
did not remain intact through autoclaving, they were sterilized by bathing in ethanol for 
30 minutes before being air-dried under sterile conditions. An additional complication 






the growth media and over the course of the incubation diffused throughout the plate.  
Both inoculated and no fungi control plates were incubated in darkness at 23 °C for 60 
days. 
3.3.3 Oxidative enzyme assays 
Oxidative enzymes were extracted from growth media and assayed using a 
modification of the methods presented in (Heinonsalo et al. 2012).  Briefly, two 8 mm 
circular plugs were taken from each plate at sampling positions near or away from the 
location of the nanomaterial composites (see Figure 3.1). Agar plugs for each treatment 
and sampling location were then loaded into 0.45 μm cellulose acetate membrane 
filtered microcentrifuge tubes (Costar Spin-X, Corning Inc., Corning, NY, USA) and 
centrifuged at room temperature and 15,700 g for 30 minutes.   
 
Figure 3.1 Schematic of fungal incubation plates with locations of enzyme sampling 
indicated 
The activity of laccase and peroxidase enzymes in the resulting supernatant was 






ethylbenzothiazoline-6-sulphonate)  (ABTS) as a substrate.  Each milliliter of reaction 
solution contained 50 mM sodium malonate (at pH = 4.5), 0.5 mM MnSO4, 1.0 mM 
ABTS, and 0.1 mM H2O2 - to be added following an initial measurement (Sigma-Aldrich).  
The entire volume of liquid extracted from each tube (~200 μL) was added to the 
reaction solution and laccase activity was measured by absorbance at 420 nm after 20 
seconds. H2O2 was then added to serve as a peroxidase substrate, and absorbance was 
measured again after an additional 20 seconds.  Enzyme activity was quantified against 
a standard curve prepared by reacting purified laccase of known activity from T. 
versicolor with the reaction solution.  
3.3.4 Nanomaterial composite surface characterization 
ATR-FTIR was used to qualitatively determine the change in functional group 
distribution before and after fungal degradation of wafers using a Thermo Scientific 
Nicolet iS5 ATR-IR (500 scans) with a diamond crystal and a dTGS room-temperature 
detector (< 0.8 cm-1 resolution). Analysis was carried out on 2-4 spots of the wafers. X-
ray photoelectron spectroscopy (XPS) was used to assess the peak shape changes in the 
C(1s) and N(1s) regions after wafers had been exposed to T. versicolor. The C(1s) region 
was too difficult to deconvolute due to the many oxidized carbon environments in the 
chitosan molecular structure, but the N(1s) region could be more easily used to assess 
transformations due to a less complex nitrogen environment. Analysis was carried out 
on 2-4 spots of the wafers using a PHI 5600 XPS system (Pbase < 5x10-9 Torr) with Mg Kα 
X-rays (1253.6 eV, 15 kV, 300 W). An electron energy analyzer operating at a constant 






0.125 eV/step (50 ms/step). Data was processed using CasaXPS (Casa Software Ltd., UK). 
All spectra were energy-adjusted to 284.5 eV using the C(1s) region and given a Shirley 
background. Peak-fitting of the N(1s) region was carried out using the same full-width at 
half max (FWHM) for both nitrogen components to determine the percentage of 
oxidized nitrogen present relative to the total nitrogen peak area.  
3.3.5 Statistical analysis 
Differences in enzymatic activity between plates containing nanomaterial 
composites and controls were assessed by one-way ANOVA with a Tukey HSD post-hoc 
test. After initial analysis determined that enzyme activity was not significantly different 
between sampling locations, activities were pooled together for a given nanocomposite 
treatment.  Statistical analysis was performed with JMP 8 (v8.0.2.0 SAS Institute, Cary, 
NC, USA) with significance set for α = 0.05 and marginal significance set at α = 0.10 
respectively. 
3.4 Results and Discussion 
3.4.1 Fungal growth and oxidative enzyme activity 
 Over the course of the 60 day incubation, T. versicolor exhibited confluent 
growth in all treatments, with the exception of the surfaces covered by chitosan 
containing nanocomposite wafers (see Figure 3.2).  The inability of the fungi to grow 
over these wafers was not dependent on CNT loading as the CNT-free chitosan wafers 
were also found to be free of fungal hyphae after 60 days.  This observation is consistent 
with a number of studies that have demonstrated the broad-spectrum anti-microbial 






against fungi such as T. versicolor that do not contain chitosan as a cell-wall component 
(Allan and Hadwiger 1979).  
 
Figure 3.2 Fungal growth on plates containing PCL/MWCNT composites (left) and 
chitosan/MWCNT composites (right) after 60 days of incubation. Note the growth of 
white fungal hyphae across the surface of the PCL, but not chitosan composite surface.  
Also noteworthy is the presence of transparent sections on the chitosan composite 
wafer. 
The activity of extracellular oxidative enzymes in the laccase and peroxidase 
families was measured following the incubation period (Figure 3.3).  Fungal growth 
media was sampled near and away from composite wafers in order to capture any 
spatial heterogeneity in enzyme production (refer to Figure 3.1).  Enzyme activity was 
not found to vary between sampling locations for any treatment, indicating that any 
enzymatic response to the wafers is broadly distributed throughout the hyphal network. 
Activity could not be assayed in plates containing lignin/MWCNT composite wafers due 
to the dissolution of the wafers on contact with growth media.  The diffusion of the 
lignin throughout the media resulted in a high background absorbance at 420 nm which 







Figure 3.3 Activity of extracellular oxidative enzymes produced by fungi after 60 days of 
incubation on media containing CNT composite wafers. Asterisks indicate significant 
differences (*, α = 0.05; **; α = 0.10) between plates containing a CNT composite and 
the corresponding CNT-free controls. Error bars represent standard error. 
The oxidative enzyme activity of T. versicolor in plates containing PCL/CNT 
wafers did not significantly differ from PCL only controls. This finding contrasts with that 
from our previous study using free CNT and the same fungi, which demonstrated a 
significant enzymatic response as a result of fungal exposure to surface oxygenated CNT 
(Berry et al. 2014).  These results are consistent with a nanocomposites in which CNT 
are completed embedded with copolymer, preventing surface interactions with the 
fungi. Indeed, SEM analysis of a PCL/MWCNT wafer surface demonstrates that the CNT 
are not exposed on the surface (Figure 3.4).  Although PCL is often considered to be 
biodegradable (Shimao 2001; Zeng et al. 2006) and is readily broken down by a variety 
of common microorganisms, basidiomycetes such as T. versicolor have not been 



















































Figure 3.4 Scanning electron micrographs of PCL nanocomposites with a 1% MWCNT 
loading at 15,000 and 30,000X magnification.  Note that although the surface is 
heterogeneous there is no indication of MWCNT bundles or aggregates on the wafer 
surface. 
In contrast to the PCL/MWCNT composites, fungal exposure to both 
Chitosan/SWCNT and Chitosan/MWCNT composites resulted in significant changes in 
laccase activity (p ≤ 0.05 in chitosan wafers containing 0.1 % SWCNT, p ≤ 0.1 in chitosan 
wafers containing 1 % SWCNT, 0.1 % MWCNT, and 1 % MWCNT).  Interestingly, the 
inclusion CNT in chitosan composites decreased, rather than increased the apparent 
activity of fungal laccases. Increased laccase activity by T. versicolor in response to 
chitosan exposure is not unexpected, and has been previously documented (Adekunle et 
al. 2015) though it is important to note that T. versicolor has not been found to be able 
to actually depolymerize chitosan directly. A decrease in extracellular enzymatic activity 
in a system typically reflects a change in nutrient acquisition strategies or 
sorption/inactivation of the enzymes by some environmental component. However, as 






evidence of exposed CNT surfaces making direct sorption or inhibition of enzymes by 
CNT unlikely (Figure 3.4).  The apparent decrease in laccase activity observed in this 
study then cannot be directly attributed to fungal interactions with CNTs and may 
instead reflect the interactions between the extracellular enzymes and the surface 
structure of the chitosan polymer surface which has been altered by the presence of 
CNT deeper within the composite wafer. 
3.4.2 CNT composite surface characterization 
CNT composite wafers were characterized with XPS and ATR-FTIR before and 
after exposure to T. versicolor to assess any transformations that had occurred as a 
result of exposure to the fungus.  In wafers containing only PCL, there was no change in 
functional group distribution in the infrared spectrum aside from a small hydroxyl band 
growing in around 3300 cm-1 (not shown). Although this could indicate the occurrence of 
PCL chain scission or further oxidation, the presence of a strong hydroxyl band in the 
spectra of the underlying growth media makes the origin of this feature ambiguous. The 
same hydroxyl band was present in PCL wafers containing 0.1 % MWCNT but this band 
was not observed in wafers with a 1 % MWCNT loading, though the significant of this 
finding is unclear given the possibility of contamination by the growth media  signal. 
Surface analysis of chitosan wafers showed significant functional group changes 
with ATR-FTIR (Figure 3.5). In particular, the doublet feature of the amine group (NH2 
stretch, 3400 and 3300 cm-1), which overlaps with the broad hydroxyl band in this 
region, is lost following incubation. Following incubation, the hydroxyl band itself is also 






increases in intensity and shifts slightly towards lower wavenumbers. The C-H bending 
modes between 1300-1500 cm-1 also show a decrease in wavenumber after incubation, 
which is more typical of a CH3 stretch.  The C-H stretching around 2950 cm-1 also shows 
a change after incubation.  These same changes, however, were present in the no-fungi 
nanocomposite treatments, indicating that these spectral features cannot be ascribed to 
fungal chemistry.  
 
Figure 3.5 ATR-FTIR spectra of Chitosan CNT composites before (black trace) and after 
(blue and red traces) incubation with fungi. (A) 0.1% MWCNT, (B) 1% MWCNT (C) 0.1% 






XPS analysis of the chitosan before and after incubation showed changes in the 
C(1s) and N(1s) regions but these changes were present regardless of the presence of 
fungi. The C(1s) region was not chosen to track any changes in the chitosan structure as 
a result of fungal degradation, as the region contained a large number of oxidized 
carbon environments due to the nature of the chitosan molecular structure. The N(1s) 
region, however, provided clearer and consistent peak shapes that facilitated the 
interpretation of chitosan structural changes following incubation (Figure 3.6). The 
pristine chitosan samples exhibit a nitrogen peak centered on 398 eV. In contrast, the 
incubated samples had an additional peak present at 400 eV. In XPS, features at higher 
binding energies typically indicate a more highly oxidized atomic environment. This 
second feature is consistent with an amide nitrogen atom in a more oxidized state than 
the original amine nitrogen, though other processes such as protonation of chitosan 
amines can cause similar effects. The peak at 400 eV contributed 28 ± 2 % to total N(1s) 
area in chitosan only wafers following incubation compared to only 4 % in the non-
incubated control wafers. There were no significant differences in the N(1s) region for 
chitosan wafers containing either SWCNT or MWCNT and the control either before or 
after incubation. Interestingly, XPS analysis of the dark brown and transparent yellow 
sections of chitosan wafers revealed significant differences in relative contribution of 
the at 400 eV peak N(1s) region. In the transparent regions of the wafer this peak 
contributed ~18 % of the N while in the dark brown regions it comprised ~38 %.  Overall 






control or CNT composite wafers due to the presence of fungi in any of the incubation 
treatments.  
 
Figure 3.6 XPS spectra of chitosan wafer N (1s) region. Lines A and B indicate 
approximate peak centers of amine nitrogen and the nitrogen feature that developed 
during incubation, respectively. Neither the presence of fungi or CNT inclusion (not 
shown) significantly impacted the spectra in the N (1s) region. 
3.5 Conclusions 
 In contrast to previous studies investigating the transformation of CNT and CNT 
composites by microorganisms we found little evidence of differential enzymatic activity 






notable exception to this was a decrease in laccase activity in plates containing CNT-
chitosan composites.  This decrease in fungal laccase activity upon exposure to CNT-
chitosan composites is noteworthy, because our surface chemical characterization of 
the composites found no significant differences in composite surface chemistry, thus no 
causal link between fungal enzyme activity and surface chemistry can be made.  The use 
of the white-rot fungi T. versicolor in this study was based in part on the observed 
increase in the fungi’s oxidative enzyme activity following exposure to functionalized 
but free SWCNT previously observed in CHAPTER 2 (Berry et al. 2014) The lack of 
response of T. versicolor to is likely the result of the fungus being unable to sufficiently 
decompose either the chitosan or PCL copolymers to expose the CNT surfaces.    
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CHAPTER 4. SOIL MICROBIAL RESPONSE TO PHOTO-DEGRADED C60 FULLERENES 
4.1 Abstract 
Recent studies indicate that while unfunctionalized carbon nanomaterials 
(CNMs) exhibit very low decomposition rates in soils, even minor surface 
functionalization (e.g., as a result of photochemical weathering) may accelerate 
microbial decay. We present results from a 90-day laboratory soil incubation of 13C-
labeled photo-oxidized C60 that investigated the potential link between photochemical 
and microbial degradation. Irradiating aqueous C60 with solar-wavelength light resulted 
in a complex mixture of intermediate products with decreased aromaticity.  Although 
irradiated C60 had little effect on respiration rates in soil microcosms after one week of 
incubation, excess 13C in the respired CO2 demonstrates that irradiating C60 for 60 days 
enhanced its degradation in soil, with ~0.78 % of the C60 mineralized. Community 
analysis by DGGE found that soil microbial community structure was altered and 
depended on the photo-treatment duration. These findings demonstrate how abiotic 








Since the discovery of the first fullerenes in 1985, manufactured carbon 
nanomaterials (CNMs) have resulted in significant material advances in the fields of  
bioengineering and microelectronics (Kroto et al. 1985).  These nanoscale materials, 
with a rigid framework composed entirely of condensed aromatic carbon rings, can be 
found in many geometric configurations ranging from planar graphene sheets to 
spherical buckminsterfullerene (C60 fullerene) and can be chemically modified to 
generate a wide variety of carbon nanomaterials (Nakamura and Isobe 2003). The small 
size and high surface area of these nanomaterials makes them attractive components in 
a variety of applications ranging from drug delivery to inclusion in next-generation 
photovoltaic panels (Mwaura et al. 2005; Bakry et al. 2007; Thompson and Frechet 
2008).  In recent years, CNMs have become increasingly prevalent in manufacturing due 
to their robust physical properties, variety of available chemical modifications, and the 
versatility that these modifications confer on electrical and biological interactions (Guldi 
and Asmus 1997).  Despite these advances in the synthesis and application of carbon 
nanomaterials, little is still known about the fate of CNMs that might enter the 
environment following accidental release, disposal in landfills, or accumulation in 
biosolids (Westerhoff et al. 2013).  The same highly condensed structure that makes 
nanomaterials ideal as structural components makes them relatively resistant to 
biodegradation.  As a result of this environmental recalcitrance, nanomaterials have the 
potential to accumulate in soils and sediments following environmental releases (Batley 






Recent work has illustrated a wide range of interactions and reactions of CNMs 
in the environment which occur as a result of physiochemical properties (e.g., particle 
size, surface functionalization, metal content, etc.). For example, the surface 
functionalization of CNMs has been found to play a particularly significant role in the 
stability of CNM homo-aggregates in suspension and thus their solubility, as the 
aggregation of CNM into clusters predictably results in flocculation (Smith et al. 2009; 
Batley et al. 2013).  The formation of aggregates renders long-term suspensions of 
nanomaterials in aqueous environments unlikely unless they are stabilized by 
interaction with other environmental compounds such as dissolved organic matter. In 
the absence of such stabilizers, however, CNMs can be expected to partition into 
sediments (Handy et al. 2008). Recent studies on the movement of CNMs through soil 
columns have found that C60 exhibits greater transport than single walled nanotubes 
(Jaisi and Elimelech 2009). Transport of nanotubes through soil was also found to 
increase with soil pore-size (Kasel et al. 2013). These studies highlight the importance of 
properties such as nanomaterial cluster size and aspect-ratio in controlling 
environmental interactions. 
 Physiochemical properties of CNMs are dependent on the degree and type of 
functionalization, with functionalization often intended at synthesis, but also occurring 
upon exposure to different natural environmental conditions; for example, in aqueous 
environments C60 is able to undergo a wide variety of chemical transformations that can 
alter its molecular properties and eventual fate (Taylor and Walton 1993; Klaine et al. 






Exposure of nC60 clusters to both short-wavelength (Hou and Jafvert 2009) and long-
wavelength (Hou et al. 2010) visible light has been reported to result in decreased 
cluster size and increased water solubility as the surface of the C60 is progressively 
modified to include oxygen containing functional groups (Hou et al. 2010). This 
functionalization of C60 is thought to be the result of carbon oxidation by reactive 
oxygen species (ROS) such as singlet oxygen (1O2), which is also produced upon light 
exposure to C60. Hou et al. (2009) reported that transformation of nC60 clusters into 
more water soluble C60-derivatives increased in rate, alongside ROS production as the 
duration of exposure to solar spectrum light was increased (Hou and Jafvert 2009).  
These findings are similar to those reported in a recent study in which aqueous 
suspensions of graphene oxide were found to produce superoxide anion (O2-·) upon 
exposure to solar light, resulting in alteration of surface defects (Zhao and Jafvert 2015), 
demonstrating that abiotic transformation of CNMs is not limited to C60 alone. 
   Transformation reactions of CNMs fundamentally alter their stability in soil and 
aquatic systems, which in turn controls the interactions between CNMs and 
microorganisms.   Lyon et al. (2005) found that, although C60 had an antibacterial effect 
on cultures of Eschericia coli and Bacillus subtilis when grown on low-salt media, this 
effect was diminished when using media with a higher salt content, likely due to greater 
aggregation of C60 under this condition (Lyon et al. 2005).  In agreement with these 
findings, an additional study on the relationship between CNM particle size and 
cytotoxicity found that particle size and antibacterial activity were inversely related 






substrates, such as soils and sediments, have provided additional insights on the 
interactions between microbial populations, CNM physiochemical properties, and the 
environment in which the interactions takes place.   For example, Li et al. (2008) found 
that sorption of C60 to organic matter in soil pore water diminished the antimicrobial 
activity of nC60 clusters (Li et al. 2008).  This finding helps to explain the observed 
toxicity of C60 fullerenes on defined media but the apparent inability of nC60 clusters to 
significantly impact the structure or the function of microbial communities in soils (Tong 
et al. 2007) or sediments (Nyberg et al. 2008).  
 Few studies have examined how nanomaterial surface chemistry might control 
the activity of extracellular degradative enzymes (that may have the potential to 
degrade CNMs) produced by soil microorganisms. Although studies on unfunctionalized 
C60 in soils have found little evidence of mineralization or induction of enzymatic activity 
(Tong et al. 2007), there are a number of cell-free enzyme studies that demonstrate the 
increased activity of oxidative enzymes such as horseradish peroxidase against other 
functionalized CNMs (Allen et al. 2008; Zhao et al. 2011). Schreiner et al. (2009) 
reported enzymatic bleaching and oxidative degradation of manufactured C60 fullerols 
by cultures of the white-rot fungi Trametes versicolor and Phlebia tremellosa (Schreiner 
et al. 2009).  In Berry et al. (2014) we reported the induction of oxidative enzymes by 
these fungi in the presence of carboxyl-functionalized single-walled carbon nanotubes 
(SWCNT) but not by unfunctionalized SWCNT (Berry et al. 2014).  These studies suggest 
that biotic transformation and/or degradation of CNMs requires at least some degree of 






context for C60, this functionalization might be achieved by abiotic transformation by 
photo-exposure, suggesting the importance of coupled abiotic/biotic mechanisms for 
the degradation/mineralization of this particular CNM. 
 In this study we investigated the hypothesis that exposure of C60 to solar 
wavelength light will transform it into intermediate products that are more conducive to 
degradation by soil microorganisms.  We utilized a stable isotope mass balance 
approach to trace the fate of light irradiated 13C enriched C60 in laboratory soil 
microcosms. The use of isotopically labelled C60 enabled us to determine the extent to 
which the abiotic transformation increased subsequent microbial oxidation in soil by 
measuring 13C abundance in the respired CO2.  Additionally, the impact of the light 
irradiated C60 photoproducts on soil microbial communities was assessed through 
denaturing gradient gel electrophoresis (DGGE) analysis.  As an important component of 
soil health (Garbeva et al. 2004), the ability of the C60 photoproducts to affect soil 
microbial diversity has important implications in assessing the overall environmental 
implications posed by this material. 
4.3 Materials and Methods 
4.3.1 Fullerene Preparations 
 To prepare 5 atom% 13C C60 clusters, highly 13C enriched C60 (> 99 % pure C60, as 
per manufacturer; MER Corp., Tucson, AZ, USA) and unlabeled sublimed C60 (99.9 %, per 
manufacturer; MER Corp., USA) were combined, finely mixed, and added to ultra-pure 
water to achieve a final concentration of 3.3 g/L C60.  The resulting slurry was bath 






months at 60 revolutions/minute to insure even distribution of 13C60 within the slurry.  
Following this mixing period the fullerene slurry was divided into 600 µL aliquots (each 
containing 2 mg C60) and placed in sterilized 12 mL borosilicate glass vials (LabCo, High 
Wycombe, Buckinghamshire, UK).  Sealed vials were then placed in a rotary carousel 
and irradiated in a Rayonet RPR-100 photochemical reactor (Southern New England 
Ultraviolet Company, USA) containing 16 black-light phosphor lamps (24 Watt, 
wavelength range: 300-410 nm) for 10, 30, or 60 days. Light intensity inside the reactor 
was determined to be 1.610-4 einstein·L-1s-1 using the chemical actinometer potassium 
ferrioxalate. Non-irradiated C60 (i.e., ‘pristine’ controls) were prepared by wrapping vials 
in aluminum foil and incubating them in the dark.  
A parallel irradiation experiment was performed using unlabeled and sublimed 
MER C60 in order to produce photo-decomposition products for intermediate product 
characterization, rather than for generation of microcosm feedstock material. The C60 
concentration in the aqueous suspension used in this experiment was 12.8 mg/L.  Light 
irradiation occurred under identical lamp and mixing conditions as described above and 
irradiated and control (non-irradiated) vials were removed and extracted for analysis on 
days 5 and 10 (UV-Vis) or 15 (HPLC) . 
4.3.2 Fullerene Characterization 
C60 starting materials and 5 and 15-day samples were characterized using HPLC 
after toluene-salt extraction. Specifically, 3 mL of aqueous nC60 clusters, 3 mL toluene, 






shaken overnight to extract C60 and less polar photoproducts into the toluene phase. 
Destabilization of C60 clusters by Mg(ClO4)2 facilitated transfer of C60 from the aqueous 
to the toluene phase. The C60 concentration in the toluene was determined by HPLC 
analysis of 100 µL samples on a Varian 9012/Varian 9050 (solvent delivery system, 
detector; Agilent Technologies, Santa Clara, CA, USA) fitted with a Cosmosil Buckprep 
(Nacalai Tesque, Kyoto, Japan) column with the detection wavelength set at 336 nm. 
The mobile phase was 100% toluene at a flow rate of 1 mL/min for a total run time of 12 
minutes. C60 and photo-products were also spectrally characterized with a Cary 50 
UV/Vis Spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) using quartz 
cuvettes with 1 cm path lengths.   
4.3.3 Soil Microcosm Incubations 
 The soil microcosm design was modified from Creamer et al. (2011).  Briefly, 
microcosms were assembled by gently mixing 3 grams of air dried soil, sieved to remove 
large plant fragments and stones (0.5 cm), 1.5 g of ashed quartz sand (53-250 µm) to 
prevent caking and promote aeration, and the fullerene treatment, into 12 mL glass 
vials with screw-caps fitted with re-pierceable septa (LabCo, UK) and allowed to 
incubate for one week prior to the first measurement of headspace CO2 (Creamer et al. 
2011).  A silty loam soil with 2.3% organic matter (see Table 4.1 for complete 
characterization) was chosen for this study. Because low carbon soils generally respire 
less rapidly than those with more organic carbon, using a low carbon soil provided lower 
background CO2, making it easier to discern small changes in isotopic composition 






experiments originated from a field with a long history of agricultural production 
(soy/corn rotation) and was used in a previous study that investigated the effect of 
nanomaterials on soil microbiota (Tong et al. 2012).   













The fullerene treatments consisted of addition of either dark control C60 material 
or 10-, 30-, or 60- day photo-treated C60 clusters (2 mg dry weight) suspended in sterile 
ultra-pure water; the resulting suspension was used to bring soils to field moisture 
conditions (i.e., water holding capacity at 1/3 bar). Controls with only water (i.e., no 
nanomaterial) were also prepared.  Three replicates were prepared for each fullerene 
 
Clermont Series Soil 
Taxonomic Class 
Fine-silty, mixed, 
superactive, mesic Typic 
Glossaqualf 
Sand (%) 27 
Silt (%) 57 
Clay (%) 16 
Texture Silt Loam 
Organic Matter (%) 2.3 
pH 4.8 
MAT* (ºC) 11 
MAP* (cm) 10.54 
Soil Moisture (%)** 23.72 
*As described in official USDA series description. 






treatment. Microcosms were incubated in the dark at 26 °C for 90 days with gas tight 
caps to prevent moisture loss.  When not accumulating headspace for sampling, the 
microcosms were periodically uncapped under aseptic conditions to maintain 
headspace oxygen. 
 Abundance and isotopic composition of CO2 in the microcosm headspace were 
measured using a Sercon (Crewe, Cheshire, UK) TGA2 trace gas analyzer interfaced to a 
Sercon 20/20 isotopic ratio mass spectrometer, quantified against laboratory standards 
of known abundance and composition. Isotopic compositions of headspace samples are 
reported in standard delta (δ) notation relative to Vienna Pee Dee Belemnite (VPDB).  To 
prepare the microcosms for CO2 accumulation experiments, they were flushed with 10 
times their volume of humidified CO2-free air and capped. The humidified air was 
generated by passing atmospheric air over NaOH pellets and bubbling the air through 
sterile ultra-pure water.   Headspace was sampled after two days of accumulation, 
allowing for determination of respiration rates over this time interval.  Because 
headspace was flushed after each sampling event, cumulative carbon respiration was 
calculated by integrating the measured respiration rates between time points. 
4.3.4 Oxidative Enzyme Assays 
 Following the disassembly of microcosms after 90 days, the soil was assayed to 
determine the activity of phenol oxidase and peroxidase enzymes using a colorimetric 
test with L-3,4-dihydroxyphenylalanine (L-DOPA) as the substrate (Sinsabaugh and 
Linkins 1988). Soil homogenates were prepared by stirring for 30 minutes 1.5 g of field 






activity was assayed by combining 750 µL of soil homogenate with 750 µL of an aqueous 
20 mM L-DOPA solution directly in the assay cuvettes.  Peroxidase assays were similarly 
prepared with the addition of 10 µL of 3 % hydrogen peroxide (H2O2) to the cuvettes in 
addition to the soil homogenate and substrate solutions.  Cuvettes were incubated in 
the dark at 26 °C for 15 hours (as determined by preliminary incubations), before 
absorbance was measured at 460 nm.  Absorbance was corrected against soil 
homogenate- and substrate- only blanks. 
4.3.5 Soil DNA Extraction and Analysis 
DNA was extracted from ~250 mg of soil using the PowerSoil DNA isolation kit 
(MOBIO, Carlsbad, CA, USA) following the manufacturer instructions. Initial attempts to 
quantify extracted DNA by spectrometry yielded poor results as DNA abundance in 
some samples was below the range in which accurate quantification by the instrument 
could be made. As a result, DNA was quantified by fluorometry using the Qubit 2.0 
fluorometer and the Qubit dsDNA BR assay kit (Life Technologies, Grand Island, NY, USA) 
according to the manufacturer instructions.  
Bacterial community structure was analyzed using the 16S rRNA gene through 
PCR-DGGE. The PerfeCTa qPCR supermix (Quanta Biosciences, MD, USA) was used to 
amplify the V3 region of the 16S rRNA gene with 40 picomoles of the primers 534R and 
388F-GC (Muyzer et al. 1993), and 50 ng of DNA in a 100 µL reaction. The temperature 
profile for the PCR consisted on an initial denaturation at 95 °C for 5 minutes, followed 
by 35 cycles of denaturation at 95 °C for 30 seconds, annealing at 56 °C for 30 seconds 






at 72 °C. After amplification, the resultant 236 base-pair product was identified by gel 
electrophoresis. 
DGGE was used to separate the amplification products from the 16S rRNA genes. 
It was carried out in a 35-70 % denaturing gradient (7 M Urea and 40 % formamide 
comprised 100 % denaturant) in 8 % acrylamide gels. Gels were loaded with 55 µL PCR 
product and run for 15 hours at 65 V and 60 °C in the DCode system (Biorad, Hercules, 
CA, USA) before staining with a 1:100,000 dilution of SYBR Green I (Lonza, Charleston, 
TN, USA). Gels were digitized and analyzed using the GelCompare II software (Applied 
Maths, Inc., Austin, TX, USA) using a 4 % intensity cutoff for band detection. A total of 20 
bands were scored based on migration distance in the gel and used in clustering 
analysis. A binary matrix was created according to the presence and absence of bands, 
similarities between samples were determined by Dice coefficient (Dice 1945) and 
UPGMA was used for clustering. 
The bacterial abundance was determined by qPCR of the 16S rRNA using the 
same primers used for PCR-DGGE without the GC clamp. The Sso Advanced Universal 
Inhibitor-tolerant SYBR green supermix (Biorad, Hercules, CA, USA) at 1X was used in the 
amplification reaction with 8 picomoles of each primer and ~10 ng DNA, in a final 
volume of 20 µL. The temperature profile consisted of an initial denaturation at 98 °C 
for 3 minutes, followed by 40 cycles of denaturation at 98 °C for 30 seconds and 
annealing and extension at 60 °C for 1 minute.  Melting curve consisted of an initial 
denaturation at 95 °C for 15 seconds followed by renaturation at 60 °C for 15 seconds, 






was constructed using pCR2.1 TOPO TA vector (Life Technologies, Grand Island, NY, 
USA) containing a full-length copy of the 16S rRNA gene from Bacillus subtilis.  
4.3.6 Statistical Analyses 
 The significance that prior solar light irradiation of C60 had on microcosm 
respiration rates and isotopic composition of headspace CO2 was assessed by one-way 
ANOVA with a Tukey HSD post-hoc test. Treatment effects were analyzed separately at 
each time point. This method was also used to determine significant differences in 
laccase and peroxidase activity between C60 treatments. Statistical analysis was 
performed with JMP 8 (v8.0.2.0 SAS Institute, Cary, NC, USA) with significance set for α = 
0.05 in all tests. 
4.4  Results and Discussion 
4.4.1 Nanomaterial Characterization 
 Despite prolonged exposure to artificial sunlight, we found few significant 
changes in the cluster characteristics of the C60 fullerenes added to soil microcosms. Due 
to the high polydispersivity index of the fullerene suspensions, determination of particle 
size by dynamic light scattering was not possible.  Characterization by TEM found that 
C60 particles of greatly differing sizes were present in all treatments with maximum and 
minimum particle sizes of >2 µm and approximately 20 nm, respectively.  ζ-Potential of 
the fullerene clusters was found to be consistent between treatments (Table 4.2).  The 
very small ζ-potentials of each treatment are also consistent with aggregation into 






 Past studies on the photochemistry of C60 have reported polydispersivity indices 
and ζ-potentials with values that contrast those found in this study.  For example Su 
(2013) reported that even at 120 days of irradiation under natural sunlight, the PDI did 
not exceed 0.35, and ζ-potential remained below -20 mV (Su 2013).  This difference in 
physical characteristics is best explained by comparing the initial C60 concentrations in 
the suspensions: Su et al. irradiated C60 with a maximum starting concentration of 48.5 
mg/L, while the slurry used in this study contained 3.3 g/L C60 in order to generate 
sufficient C60 photoproducts for the subsequent microcosm studies.  As a result, the 
optical density of the resulting suspensions and the size to which the C60 particles 
aggregated can be expected to differ. 
Table 4.2 Physical characteristics of C60 fullerene aggregates. Zeta potential and 















0 10 4 -1.33 ± 0.078 0.885 ± 0.133 
10 10 5 -0.917 ± 0.160 0.714 ± 0.130 
30 25 5.5 -1.15 ± 0.106 0.804 ± 0.198 
60 20 3 -0.872 ± 0.051 0.893 ±  0.175 
HPLC analysis (with detection at 336 nm) of C60 dissolved in toluene yields a 
prominent peak at a retention time of approximately 8.5 minutes  (Figure 4.1) (Bachilo 
et al. 2001). It should be noted that although C60 clusters were used in experiments, 
extraction into toluene results in dissolution of the clusters in the toluene phase so that 
molecular C60 is separated and monitored by HPLC.  Upon solar light irradiation, the C60 






irradiation. This result is consistent with previous studies that also found a decrease in 
the parent compound peak upon solar irradiation (Hou and Jafvert 2009; Hwang and Li 
2010). These studies have shown that as oxidation proceeds, the resulting intermediate 
products (i.e., fullerols) become more polar and less susceptible to extraction by 
toluene. However, some less-functionalized intermediates are apparent after 15-days of 
irradiation, as evidenced by the additional peaks with retention times between 2 and 
3.5 minutes, indicating that C60 was indeed undergoing reaction. The dark control 
samples were indistinguishable from non-irradiated C60 dissolved directly in toluene (not 
shown) indicating that the observed loss of parent C60 (and formation of product peaks) 







Figure 4.1 HPLC Analysis of C60 and Irradiated C60 Monitoring Absorbance at 336 nm. 
The UV/Vis spectra of aqueous C60 clusters following irradiation also 
demonstrated progressive changes (Figure 4.2). Two prominent absorption bands 
centered at 270 and 350 nm are found on all three spectra (0, 5, and 10 day 
irradiations), in addition to the broad band between 410 and 555 nm that indicates the 
C60 was present in cluster form. The absorbance at all wavelengths (200 - 800 nm) 
decreased with irradiation time, including at 350 nm, a wavelength used to assess the 
concentration of C60 in clusters (Fortner et al. 2005).  Dark control samples were found 






results indicate a general reduction in aromaticity consistent with parent compound loss 
measured by HPLC analysis, and are very similar to our previous work on the fate C60 
molecules upon prolonged solar light irradiation. Specifically, significant 1O2 is generated 
by aqueous C60 clusters when exposed to dissolved O2, which in turn reacts with 
photochemically excited triplet state C60 (3C60) to produce oxidized C60 structures that 
are much more water-soluble (Hou and Jafvert 2009; Hou and Jafvert 2009; Hou et al. 
2010). These seminal studies on solar light irradiated C60 were conducted using the 
same batch of C60 from MER Corporation as used in this study, so the characterization 
information provided previously are applicable to the current study.  The FTIR spectra of 
irradiated and dark control C60, reported by Hou et al. demonstrate that solar-spectrum 
light irradiation significantly increases absorbance at 1370 and 1080 cm-1 indicating in 
plane C-O-H bending and C-O stretching respectively (Hou et al. 2010), features that are 
consistent with the oxidative cleavage of C60 double bonds (Figure 4.3). 
 
































Figure 4.3 ATR-FTIR Spectra of solar irradiated and dark control sublimed MER C60 
fullerenes. Irradiated fullerenes were exposed to solar radiation for 947 hours (~40 
days). The dramatic increase in width and intensity of bands located at wavenumbers 
1370 and 1080 are characteristic of carbon-oxygen interaction and indicate extensive 
oxidation and decreased aromaticity following irradiation. Spectra adapted from Hou et 
al. (2010) and IR assignments taken from Kokubo et al. (2008). 
4.4.2 Soil Microcosm Respiration 
A high degree of variability was observed in the isotopic composition (Figure 4.4) 
and respiration rates for all treatments when measured  on days 3 and 7 (Figure 4.5), 
likely due to small differences in physical disruption upon mixing the soil with the quartz 
sand during pre-incubation.  On day 7, headspace CO2 in microcosms containing 30-day 
irradiated C60 showed significant enrichment (+ 4.2 ‰) of headspace CO2 (-13.6 ± 0.9 
‰) in comparison to microcosms containing C60 that had not been previously irradiated 
(-17.8 ± 0.5 ‰).  As the incubation progressed, headspace CO2 in the microcosms 






treatments, except for the 30-day irradiated C60, indicating that 30 and 60 day 
irradiations resulted in C60 intermediates that were similarly amenable (i.e., labile) to 
further biological mineralization.  Although there was a measurable decrease in 
headspace 13C-enrichment on day 65, it was not found to be statistically significant and 
is likely the result of the natural variation in soil respiration or because of a minor 
disturbance of the soil microcosms during the preceding accumulation period. The 
addition of 30-day irradiated C60 to microcosms also resulted in discernable headspace 
enrichment when compared to microcosms containing 10-day irradiated C60 or C60 that 
had not been exposed to light, although this enrichment was not found to be significant 
at α = 0.05 after day 7. The rapid decrease in headspace 13CO2 in the microcosms 
containing 30-day irradiated C60 after this time-point may indicate that the early spike in 
enrichment was the result of mineralization of a high concentration of highly labile 13C60 
intermediates potentially present in these microcosms. Unfortunately, the sampling of 
microcosms was not performed early enough to quantify these early “spikes” in 13C60 
mineralization. Although differences were not always significant, the isotopic 
composition of headspace CO2 in microcosms containing 30- and 60- day irradiated C60 
was always 13C-enriched compared to control microcosms, indicating that the continual 
mineralization of C60 photo-intermediates occurred throughout the experiment at 
measurable levels. At no time point during the incubation was the isotopic composition 
of headspace in the no-C60 control microcosms significantly different from those 
containing dark control C60 or 10-day irradiated C60, suggesting that there may be a 






amenable to further microbial degradation in the soil.  Further, this critical level may be 
associated with microbial availability (i.e., water solubility). 
 
Time (Day) 10 Day 30 Day 60 Day Water (Control) Non-irradiated 
3 - - - - - 
7 AB A AB AB B 
15 B B A B B 
23 BC B A BC C 
37 B AB A B B 
51 B AB A B B 
65 - - - - - 
86 B AB A B B 
Figure 4.4 Isotope composition of CO
2 
respired from soil microcosms (top) and statistical 
significance (bottom). Treatments without shared letters indicate significant differences 
between treatments (1-way ANOVA, Tukey’s HSD Post-Hoc) (α = 0.05) at a given time 
point.  If no letters are present for a time point, no significant differences exist at (α = 





























The largest 13C enrichment in CO2, +4.5 ‰ compared to the no-C60 control, was 
observed after 23 days of incubation in microcosms containing 60-day irradiated C60 (see 
Figure 4.4).  The cumulative 13C mineralized corresponded to a 13C contribution 
equivalent to approximately 0.125 % of the total mineralized carbon at this time point.  
Over the course of the entire incubation a total of 15.6 µg of the 60-day irradiated C60, 
or 0.78% of the original 2 mg of C60 added were mineralized. As a result of the high 
purity of the C60 used in this study, enrichment in headspace CO2 cannot be attributed 
to mineralization of amorphous impurities in the starting materials. Such impurities 
account for no more than 5.3 g of the added C60 per microcosm, thus headspace 13CO2 
must predominately be the result of mineralization of C60 photo-products. This finding 
demonstrates for the first time that prolonged exposure of C60 to sunlight can promote 
further mineralization by soil microorganisms, with a rate of decomposition of 180.9 
ng/day for these particular soil microcosms.  The photo-products of the solar-spectrum-
light-irradiated C60 are mineralized much more rapidly than the parent C60.  Previous 
studies have reported no observable mineralization of irradiated C60 (Hartmann et al. 
2011), and minimal mineralization ( less than 0.1%) of SWCNT in a liquid culture  at a 
rate less than 0.33 ng/day (Parks et al. 2015).   Note that neither of these previous 
studies were conducted with soil, but rather under more ideal growth conditions using 
liquid media, which likely contributes to the observed differences in mineralization. 
The influence of (non-irradiated) C60 addition on soil respiration found herein 






al. (2007), using similar C60 application rates but in a siltly loam soil with higher carbon-
content (4.0 wt % C), reported no signficant differences in soil respiration over the 
course of a 30-day incubation. Similarly, Johansen et al. (2008) reported no effect in soil 
respiration for a C60 treatment applied at a lower rate, 50 mg/kg of soil, in a soil of 
similar texture and carbon content to our experiment.    The differences in findings may 
be a function of C60/soil C addition rates which varied among the three studies or soil 
specific microbial community structure and activity.   The irradiation of C60 acts to 
oxidize carbon and enriches surface oxygenated groups.  The results of our study, 
demonstrating the enhanced lability of irradiated C60, agrees with previous findings of 
the lability of oxygenated C60, C60 fulerols, by Schreiner et al (2009) who reported that 
up to 2.86% of 13C-labeled C60 fullerol could be mineralized over the course of a 225 day 







Time (Day) 10 Day 30 Day 60 Day Water (Control) Non-irradiated 
3 AB A AB AB B 
7 AB AB AB A B 
15 - - - - - 
23 - - - - - 
37 AB AB A AB B 
51 - - - - - 
65 - - - - - 
86 - - - - - 
Figure 4.5 Soil microcosm respiration rate per hour, normalized to soil OM (top) and 
statistical significance (bottom). Treatments without shared letters indicate significant 
differences between treatments (1-way ANOVA, Tukey’s HSD Post-Hoc) (α = 0.05) at a 
given time point.  If no letters are present for a time point, no significant differences 
exist at (α = 0.05). Error bars represent standard error. 
4.4.3 Oxidative Enzymes 
 The addition of neither irradiated nor non-irradiated C60 had a significant impact 
on soil laccase activity (Figure 4.6). However, non-irradiated C60, but not the irradiated 
analog, significantly lowered the activity of peroxidase enzymes (1.59 ± 0.17 µmol 










































Hr-1gsoil-1). The lack of an oxidative enzymatic response to in soil containing irradiated 
C60, even though these treatments exhibited measurable changes in respiration (Figure 
4.5) suggests that either extracellular enzymatic oxidation is not the source of the 
observed CNM mineralization, or that mineralization of irradiated C60 occurred without 
additional enzyme expression as might be expected if the C60 were co-metabolized with 
an additional substrate in soil. However, if co-metabolism were the main degradation 
mechanism there would likely be strong correlation between mineralization of non-
fullerene substrates (and thus respiration rate) and mineralization of 13C60 (Hamer et al. 
2004), a relationship that was not noted in this study.  Because small clusters of C60 have 
been shown to be taken up into bacterial without a significant loss cell viability (An and 
Jin 2012) it remains also possible that the fullerene mineralization observed in this study 
is the result of intercellular enzyme activity as opposed to extracellular enzyme activity, 
which cannot be investigated using the methods in this study. 
 
Figure 4.6 Oxidative enzyme activity in soils following incubation. Error bars represent 
standard deviation. Treatments without shared letters indicate significant differences in 
enzyme activity (1-way ANOVA, Tukey’s HSD Post-Hoc) (α = 0.05). 




































4.4.4 Bacterial Abundance and Community Composition: 
Bacterial abundance was determined as the number of copies of the 16S rRNA 
gene per gram of dry soil by qPCR. Bacterial abundance ranged between 3.8x1010 copies 
and 5.8x1010 copies per gram of soil among the treatments, with no statistical 
differences observed (Figure 4.7). Microbial community composition by DGGE, however, 
found significant differences in community composition among the C60 treatments. Dice 
similarities between treatments varied from 70 % to 97 % and formed three clusters: 
One cluster was formed by microcosms containing C60 that been irradiated for 30 and 60 
days, which was most similar to a second group comprised of fullerene-free control 
microcosms and those containing C60 that had been irradiated for 10 days. The cluster 
with the least similarity to other treaments were those containing non-irradiated C60 
(Figure 4.8). 
 
Figure 4.7 Bacterial abundance in microcosm soil following incubation with irradiated 
C60 calculated as the copy number of 16S rRNA gene per gram of dry soil. Each point in 
the graphic represent the average of nine data points (Triplicate qPCR reactions for each 
of the microcosm replicates at each time point). Error bars represent standard error. 






 Previous studies utilizing DGGE to assess the impact of CNM in a soil with a 
higher organic and clay content found minimal change in the community structure of 
this soil with CNM addition.  For example, Tong et al. reported that C60 had little impact 
on the composition of the microbial community in such a soil (Tong et al. 2007) and 
later reported that, while certain types of SWCNT significantly altered the community 
composition in a soil with low clay and organic matter content (similar to the current 
study), these same nanomaterials had little effect when applied to a soil that contained 
more clay and organic matter (Tong et al. 2012).   
These studies proposed that soil organic matter and clay are able to mitigate 
CNM toxicity through strong sorption and aggregation dynamics, however the 
mechanisms are poorly understood.  Interactions with soil dissolved organic matter 
have been previously studied as important factors in the response of soil to CNM 
exposure. Espinasse et al. (2007) reported that inclusion of tannic acid in aqueous C60 
suspensions decreased aggregation and enhanced mobility of fullerenes in a porous 
media (Espinasse et al. 2007). Similarly, Chen et al. (2007) found that the addition of 
Suwannee River humic acid to aqueous suspensions of C60 dramatically decreased the 
rate of homoaggregation of C60 particles as a result of sorptive interactions that 
promote colloidal stability (Chen and Elimelech 2007) and can then be expected to limit 
exposure of soil microorganisms to CNM aggregates (Navarro et al. 2008). The 
prominent clustering of microbial communities in the present study, in a soil lacking 
significant organic or clay content further reenforces the importance of these properties 







Figure 4.8 Clustering analysis of the bacterial community structure in soil following 
incubation with irradiated C60.  Dendrogram based on Dice similarities and constructed 
using UPGMA. Each lane corresponds to a single microcosm. 
4.5 Conclusions and Implications on the Environmental Fate of CNMs 
 In this study we investigate the coupled processes of abiotic photochemical 
transformations C60 and subsequent biotic mineralization in soil. We report for the first 
time the measurable mineralization of irradiated 13C-C60 in soil, albeit at very low rates 
(180.9 ng/day). Given this modest rate of decomposition, it is unlikely that similar 
photo-chemical transformations in nature, in conjunction with biotic mineralization are 
sufficient to prevent CNM accumulation in the event of continued environmental 
release.  Even after 60 days of continuous solar wavelength irradiation prior to inclusion 
in soils only ~0.78 % of added nanocarbon is mineralized after 86 days of incubation.  
 C60 addition altered microbial community composition, with variation depending 






with a different composition and indicating that edaphic properties may control the 
microbial impact of CNM exposure.  These impacts on microbial community structure 
indicate that microbial populations in soils with low organic matter and clay content 
may be vulnerable to fullerene exposure with the potential to affect soil biogeochemical 
cycles.   
 We found no evidence of increased oxidative soil enzyme activity with the 
addition of irradiated C60, even though respirations rates were influenced and C60 was 
mineralized. This has important implications in the study of CNM fate in soils, as a 
number of studies have investigated the potential of these enzymes to transform and 
ultimately degrade related CNMs such as MWCNT (Allen et al. 2008; Zhao et al. 2011) 
which may not be relevant in systems containing CNMs with less extreme aspect-ratios 
such as C60.  
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CHAPTER 5. MICROBIAL MINERALIZATION OF C60 FULLEROLS IN TWO AGRICULTURAL 
SOILS 
5.1 Abstract 
 Despite their status as an emerging pollutant, the environmental fate of 
functionalized carbon nanomaterials (CNM) such as fullerols is poorly understood, likely 
as a result of the tendency of researchers to focus on the behavior more condensed, 
“pristine” nanomaterials in the environment.  We present the results of a study 
investigating the mineralization of 13C-labeled C60 fullerols in soils in order to address 
this knowledge gap and to test the hypothesis posed previously in CHAPTER FOUR that 
the increased solubility and ease of oxidation that results from the conversion of C60 to 
fullerols would result in greater microbial oxidation and C-uptake.  We found that 
although fullerol addition had little impact on net soil respiration rate or oxidative 
enzyme activity, the fullerols were rapidly mineralized in soil mesocosms.  Soil carbon 
and clay content had a strong control on the extent of mineralization as determined by 
13C-content of the mesocosm head space where a low-carbon soil, Clermont series, 
exhibited a lower proportional decomposition (~25.9 % of added fullerol C) than the 
higher C and clay content Drummer series soil, (~59.1 % of added fullerol C mineralized). 






acids from the fullerol amended soils demonstrated the uptake of fullerol C by the soil 
microbial community; a result never before demonstrated.  Fullerol C uptake varied by 
microbial guild, with Gram positive bacteria deriving 0.27 % of PLFA carbon from the 
fullerols and Gram negative bacteria deriving 1.25 % of PLFA from fullerols; this 
represents approximately 27 % and 125 % of the level of the proportional carbon spike 
of the fullerol to total soil C. These findings demonstrate for the first time the 
mineralization of C60 fullerol in an environmentally relevant substrate and provide 
important insights on the microbial populations most active in the CNM degradation 
and metabolism in agricultural soils. 
5.2 Introduction 
 A number of previous studies on CNM have focused on the importance CNM 
surface chemistry in controlling the behavior of these materials in the environment, 
particularly how surface modification may influence their transport, toxicity, and 
stability (Handy et al. 2008; Nowack et al. 2012). Surface chemistry is also expected to 
be a major driver in the degradation of CNM in the environment. For example, 
mechanistic studies of CNT transformation by oxidative enzymes report increased 
degradation of surface functionalized nanomaterials in comparison to pristine CNT 
(Allen et al. 2008; Zhao et al. 2011) and pure-culture studies report increased enzymatic 
activity from saprotrophic organisms and bleaching of CNM when surface functionalized 
(Schreiner et al. 2009; Berry et al. 2014). Recent works however, have largely focused on 
the degradation of pristine CNM and report either negligible decay or particle half-lives 






al. 2015). The authors of the present study however, have recently found that coupled 
photo-chemical and biotic degradative processes have the potential to significantly 
accelerate the degradation of C60 fullerenes, likely as a result of photo-chemical 
disruption of the stable condensed aromatic structure and the inclusion of oxidizable 
and hydrolysable sp3 and sp2 oxygenated carbon.   
 We present the results of a novel study investigating the mineralization of 13C-
labeled C60 fullerols (13C60(OH)19-27) in soils with contrasting edaphic properties. The use 
of a stable isotope label allowed for the precise determination of degradation rates and 
microbial uptake of the fullerol C by tracing 13C into respired CO2 and incorporation into 
microbial biomass. Fullerols are representative of both manufactured CNM designed for 
enhanced solubility (e.g. for drug delivery applications) and CNM that have been 
chemically weathered through processes such as the prolonged exposure to sunlight 
(Hou and Jafvert 2009; Hou et al. 2010; Berry et al. 2015).  Informed by pure-culture 
studies demonstrating the significant mineralization of fullerols (Schreiner et al. 2009) 
and enzymatic response of fungi towards functionalized CNM (CHAPTER TWO), we 
utilized 13C enriched fullerols to investigate the hypothesis that highly functionalized 
CNM would be rapidly mineralized in soils in comparison to pristine unfunctionalized 
C60. Denaturing gradient gel electrophoresis and phospholipid fatty acids analysis was 
used to assess the relative impact of fullerol exposure on the microbial community 
structure and to ascertain which microbial guilds might drive a soil’s response to CNM.   
We speculate that specific bacterial groups, principally the gram negative bacteria, that 






aromatic carbon like naturally produced pyrogenic organic matter, will be the primary 
agents for its metabolism over fungi or gram positive bacteria  
5.3 Materials and Methods 
5.3.1 Fullerols and Soils 
  The fullerols used in this study were synthesized in partnership with TDA 
research as in Schreiner et al. 2009; briefly, 13C60 fullerenes (MER Corp., USA) were 
oxidized in CH2Cl2 by 18-crown-6 stabilized KO2. The precipitant produced in this 
reaction was collected, washed in CH2Cl2, suspended in H2O and purified by filtration 
through a 0.45 µM PTFE filter and repeated methanol/water precipitations. Purity of the 
resulting product was verified by HPLC in which no evidence of amorphous carbon was 
found (Schreiner et al. 2009). The product of the synthesis was stored under argon gas 
in sealed amber vials until use to prevent degradation.   
The fullerols added to the soil microcosms were prepared as an aqueous 
suspension by dissolving 64.5 mg of C60(OH)19-27 (1.09 atom % 13C) and 15.3 mg of 
13C60(OH)19-27 (22 atom % 13C, prepared as above, TDA Research, USA) together in 
18MΩ/cm ultrapure water to produce a suspension with a concentration of 80 mg/ 20 
mL and an isotopic composition of 5 atom % 13C. Two soils were chosen that vary in clay 
content and organic matter content, factors thought to control CNM interaction and 
accessibility, Drummer series soil (fine-silty, mixed, superactive, mesic Typic Endoaquoll, 
7.8 % organic matter, pH=7 )   and  Clermont series soil (fine-silty, mixed, superactive, 
mesic Typic Glossaqualf, 2.3 % organic matter, pH=4.8).  Each of the two soils has a 






investigate the effect of nanomaterials on soil microbiota (Tong et al. 2007; Tong et al. 
2012; Berry et al. 2015)).  A complete characterization of each soil is available in Table 
5.1. 
Table 5.1 Physical properties of the soil used in microcosm incubations. 
 
5.3.2 Soil Microcosms and Controls 
 Soil microcosms were constructed as in CHAPTER FOUR, a design modified from 
Creamer et al. (2011).  Briefly, microcosms containing 3 grams of air dried soil, sieved to 
remove large plant fragments and stones (0.5 cm) and 1.5 g of ashed quartz sand (53-
250 µm) were mixed and added to 12 mL glass vials with screw-caps fitted with 
repiercable septa (LabCo, UK).  The aqueous fullerol suspension detailed above was 
added to soils so that fullerol carbon accounted for 1 % of total microcosm organic 
matter, a fullerol loading of 1.57 mg for Clermont microcosms and 5.33 mg for Drummer 
 Clermont Series Soil Drummer Series Soil 
Taxonomic Class 
Fine-silty, mixed, 
superactive, mesic Typic 
Glossaqualf 
Fine-silty, mixed, superactive, 
mesic Typic Endoaquoll 
Sand (%) 27 25 
Silt (%) 57 49 
Clay (%) 16 26 
Texture Silt Loam Loam 
Organic Matter (%) 2.3 7.8 
pH 4.8 7.8 
MAT* (ºC) 11 11 
MAP* (cm) 10.54 9.4 
Soil Moisture (%)** 23.72 35.72 
*As described in official USDA series description. 






microcosms.  Microcosms were then brought to field moisture (water holding capacity 
at 1/3 bar) sterile ultrapure water. Control soil microcosms receiving only sterile 
ultrapure water were also constructed.  
To help distinguish between abiotic and biotic mineralization of the added 
fullerols, microbially suppressed soil microcosms were also prepared. These microbially 
suppressed treatments were prepared by autoclaving microcosms at 121 ºC and 100 
kPA for 30 minutes. Autoclaving was repeated 4 times with a 1 day recovery period 
between sterilization cycles. Fullerol treatments were then added to the autoclaved soil 
microcosms as above. Five replicates were prepared for each soil/treatment 
combination. A series of 5 soil-free controls were also prepared to help assess the role 
of edaphic properties in controlling fullerol oxidation. Each soil-free control contained 
4.5 grams of ashed quartz sand and received 1.57 mg of fullerols (equivalent to the 
loading of the Clermont microcosms).  
 Following 3 days of pre-incubation each microcosm was gently mixed to 
improve airflow. Preliminary measurements of CO2 at this time showed that autoclaved 
samples had reactivated and so were fumigated with chloroform to further reduce 
microbial abundance without mineralizing the fullerol in the microcosm. Pre-incubation 
continued for 4 days for a total pre-incubation period of 7 days. Microcosms were 
incubated in darkness at 26 ºC for 65 days with caps sealed to prevent moisture loss.  
When not accumulating headspace for sampling, microcosms were allowed to exchange 
with air by uncapping under aseptic conditions twice a week. Headspace CO2 was 






20/20 isotopic ratio mass spectrometer. The 13C isotope composition of headspace is 
reported in standard delta (δ) notation relative to Vienna Pee Dee Belemnite (vPDB).  
Two days prior to each headspace sampling, microcosm headspace was flushed (10X 
headspace volume) with CO2-free air produced by passing atmospheric air over sodium 
hydroxide pellets and humidified by bubbling through sterile nanopure water, 
corresponding to a 48 hour CO2 accumulation period for each time point. All 
microcosms, including controls had their headspace analyzed at each timepoint. 
Microcosm headspace was flushed during trace gas analysis, cumulative carbon 
respiration was calculated by integrating the measured respiration rates between time 
points.  The relative contribution of soil organic carbon and fullerols was calculated 
using a simple two-member mixing model.  These calculations are detailed in the 
APPENDIX. 
5.3.3 Oxidative Enzyme Assays 
 Microcosms were disassembled after 65 days of incubation with soil fractions 
persevered at -80°C for future PLFA and DNA analysis.  The activity of phenol oxidase 
and peroxidase enzymes were assayed colorimetrically using L-3,4-
dihydroxyphenylalanine (L-DOPA) as a substrate (Sinsabaugh and Linkins 1988). Soil 
homogenates were prepared immediately following microcosm disassembly by stirring 
750 mg of field moist soil in 50mL of 50 mM sodium acetate buffered to a pH of 5.0 for 
30 minutes.  Phenol oxidase activity was assayed by combining 750 µL of soil 
homogenate with 750 µL of an aqueous 20 mM L-DOPA solution directly in the assay 






to cuvettes in addition to the soil homogenate and substrate solutions.  Preliminary 
incubations of Clermont and Drummer series soil homogenates found that, due to 
differences in soil enzyme activity incubation periods of 15 hours and 24 hours provided 
the most consistent measurements. Cuvettes were incubated in darkness at 26 ºC 
accordingly before absorbance was measured at 460 nm.  Absorbance was corrected 
against soil homogenate and substrate only blanks. 
5.3.4 Soil DNA Extraction, 16S rRNA PCR-DGGE and qPCR 
DNA was extracted from ~250 mg of soil using the PowerSoil DNA isolation kit 
(MOBIO, Carlsbad,CA) as per manufacturer instructions. Agarose gel electrophoresis and 
spectrometry using a NanoDrop 1000 spectrophotometer (Thermo Scientific, 
Wilmington, DE) was used to assess DNA quality before fluorometric quantification 
using the Qubit 2.0 fluorometer and dsDNA BR assay kit (Life Technologies, Grand 
Island, NY) as per manufacturer instructions. 
Amplicons for DGGE analysis were prepared using PerfeCTa qPCR supermix 
(Quanta Biosciences, MD) and primers 534R and 388F-GC to amplify the V3 region of 
the 16S rRNA (Muyzer et al. 1993). Bacterial abundance was determined by qPCR of the 
16S rRNA using the same primers used for PCR-DGGE without the GC clamp. Standard 
DNA for absolute quantification was constructed using pCR2.1 TOPO TA vector (Life 
Technologies, Grand Island, NY) containing a full-length copy of the 16S rRNA gene from 
Bacillus subtilis. Primer sequences, reaction composition, and PCR cycle information are 
as described in CHAPTER 4. Separation of the 16S rRNA gene amplification products was 






formamide comprised 100 % denaturant) in 8 % acrylamide gels. Gels were digitalized 
and analyzed using the GelCompare II software (Applied Maths, Austin, TX). Similarity 
coefficients were used in clustering analysis with the unweighted pair group method 
with arithmetic mean (UPGMA) method.  
5.3.5 Phospholipid Extraction and Quantification 
PLFA were extracted from 3 g subsamples as outlined by Bligh and Dyer (1959) 
and (White et al. 1979)  Briefly, lipids were extracted from soils by mixing with 
chloroform, methanol, and phosphate buffer prepared in a 1:2:08 ratio before being 
allow to stand 24 hours and centrifuged to separate soil particles from solvent layers. 
The chloroform layer was then extracted and concentrated by rotary evaporation and 
blown dry under N2.  Re-suspended total lipid extracts were transferred to silicic acid 
extraction columns (Creamer et al. 2015; Orr et al. 2015).   Neutral lipid fractions (eluted 
from columns by chloroform) and glycolipids fractions (eluted by acetone) were 
discarded prior to elution of PLFA by methanol into clean vials.  The eluted PLFA were 
then split with 90% to be used in compound specific gas chromatography-combustion-
isotope ratio mass spectrometry (GC-c-IRMS) and 10 % to be quantified by GC-FID after 
conversion into fatty acid methyl esters (FAMES) by mild alkaline methanolysis. FAMES 
were quantified as in Orr et al. (2015); briefly, FAMES were separated using a 60 m DB-5 
capillary column (0.25 mm ID,  0.25 µm film thickness; J&W Scientific) inside of an 
Agilent 5975 gas chromatograph/mass spectrometer  (Agilent, Santa Clara, USA).  
FAMES were identified by retention time and fragmentation pattern and quantified by 






FAMEs are referred to using short-hand fatty acid nomenclature following the format 
“X:YωZ”, with X indicates the length of the carbon chain, Y indicates the number of 
double and Z indicates the position of the double bonds relative to the methyl end of 
the fatty acid.  Double bound geometry is denoted by the suffices c and t for cis and 
trans bonds while the prefixes i and a indicate iso- and anteiso- branching of saturated 
FAMEs. Cyclopropyl groups are denoted with the prefix cy-.  PLFA-FAMEs were 
combined into taxonomic guilds as follows; general (14:0, 15:0, 16:0, 17:0, 18:0), gram 
positive bacteria ( i15:0, a15:0, i16:0, i17:0, a17:0), gram negative bacteria  (cy17:0, 
cy19:0), non-specific bacteria (18:1ω9c/t), and fungi (18:2ω6,9c/t,), a classification 
scheme consistent with a number of previous studies (Frostegard et al. 1993; Frostegard 
et al. 2011) 
5.3.6 Compound Specific Gas Chromatography-Combustion-Isotope Ratio Mass 
Spectrometry (GC-C-IRMS) Analysis 
Following methanolysis of PLFA as above, 13C content of the resultant FAMES 
was measured by GC-c-IRMS. FAMES were injected at 280 °C through a cooled injection 
system (CIS4, Gerstel, Cologne, Germany) into a Hewlett Packard 6890A GC (Agilent, 
Santa Clara, CA) containing a 60 m RTX-5MX (0.25 mm ID, 0.25 µm film thickness, 
Restek) column connected to a ceramic microcombustion reactor interfaced to a Sercon 
20/22 isotope ratio mass spectrometer (IRMS, Sercon, Crewe, UK). The 
microcombustion reactor contained wound copper, nickel, and platinum wires as 
combustion catalysts at a ratio of 2:2:1 and was held at a constant temperature of 






temperature program; 50 °C for 5 minutes, 50-120 at 10 °C/minute, 120-250 at 
4 °C/minute, 250 °C for 12 minutes.  An internal standard of nC15, isotopically verified at 
a δ13C value of -30.2 ‰, was added to samples at a concentration of 10.0 ng/µL to 
correct isotopic values when necessary. Standard calibration curves were also included 
in each batch of analyses to ensure the consistency of chromatographic and isotopic 
data. Due to low recovery of PLFA-FAMEs from the Clermont soils, they were not 
included in CSIA, however a total of 15 FAMEs from the Drummer soils were sufficiently 
well separated to include (8:0, 10:0, 12:0, i14:0, i15:0, a15:0, i16:0, 16:0, 10Me16, 17:1 
ω?, 17:1 ω?(2), 18:0, 18:1ω9c, 18:1 ω?, and cy19; a ? indicates that a FA includes a 
double bond with a position that could not be determined by GC analysis).  Because 
18:1ω9c and 18:1 ω? nearly co-eluted, they were integrated and processed together for 
a combined δ13C value.  A two-member mixing model using PLFA extracted for fullerol-
free controls and 13C60(OH)19-27 as end-members was used to calculate the relative 
contribution of fullerol derived carbon to PLFA carbon.  The resultant fraction of 13C for 
a PLFA analyzed by CSIA was then used in conjunction with data on the abundance of 
the PLFA and knowledge of its molecular formula to determine the total mass of CNM 
derived carbon in each PLFA which was then normalized to total guild biomass using the 
assumption that the average bacterial cell has a PLFA content of 1.4X10-8 nmol 
(Frostegard and Baath 1996) and contains 30 fg of carbon (Fukuda et al. 1998; Loferer-








5.3.7 Statistical Analyses 
 . Differences in microcosm respiration rates, isotopic composition of CO2, 
oxidative enzyme activity, and bacterial abundance were assessed by one-way ANOVA 
with a Tukey HSD post-hoc test.  Statistical analysis was performed with JMP 8 (v8.0.2.0 
SAS Institute, Cary, NC, USA) with significance set for α=0.05 in all tests. Treatment 
effects were analyzed separately at each time point (in the respiration experiment) and 
for each soil type. Principle component analysis using PRIMER 7 (v7.09, PRIMER-E Ltd., 
Lutton, UK) was used to visual grouping of soil treatments based upon mol% of 
individual PLFA extracted from microcosms. The similarities of percentages (SIMPER) 
analysis in PRIMER was used to determine which PLFAs contributed most significantly to 
the separation of soil treatments.  Trace PLFA-FAMES with a relative abundance <1% in 
all microcosms were excluded from these analyses, leaving a total of 18 PLFA to be 
included in a characteristic PLFA fingerprint (i14:0, 14:0, i15:0, a15:0, 15:0, 15:1ω?, 
i16:0, 16:0, 16:1ω9, 17:0, 18:0, 18:1ω9c, 18:1ω9t, 18:1ω?, cy19:0, 20:0, 22:0, 24:0; a ? 
indicates that a FA includes a double bond with a position that could not be determined 
by GC analysis). 
5.4 Results and Discussion 
5.4.1 Fullerols do not significantly impact net respiration 
 The rate of CO2 respiration from microcosms demonstrates the distinct nature of 
the two soils used in the study with regard to relative oxidation of native soil carbon and 
fullerol amendment (Figure 5.1).  Even when normalized to carbon content, the higher 






soils. The addition of fullerols to the Drummer soil did not change the rate nor the net 
amount of CO2 respired with respect to the water only controls; Drummer microcosms 
containing fullerol respired 38.9 ± 7.2 mg of CO2 compared to the 32.1 ± 8.6 mg of CO2 
respired in the water-only controls. The addition in fullerols did however result in one 
time point, day 30 of the incubation, exhibiting a statistically significant increase above 
the control (i.e. 2.40 ± 0.12 µgCO2/mgsoilC d-1 and 1.87 ± 0.08 µgCO2/mgsoilC d-1, 
respectively).  In contrast, the addition of fullerols had no observable impact on the 
respiration rate of the Clermont series soil at any time point or in the net flux during the 
total experiment.  The increase in respiration rates of the autoclaved and chloroform 
fumigated microcosms over the course of the incubation indicates that the microbial 
population in these soils was able to recover, and emphasizes that they should be 
viewed as microcosms with a suppressed microbial community rather than as purely 







Figure 5.1 Daily respiration of soil microcosms containing Clermont series soil (top) and 
Drummer series soil (bottom). Treatments without shared letters indicate significant 
differences between treatments (1-way ANOVA, Tukey’s HSD Post-Hoc) (α = 0.05) at a 
given time point. Error bars represent standard error. 
 Although not statistically significant, the observed increase in soil respiration 
following addition of fullerols in the Drummer, but not Clermont soil, is noteworthy as it 
is in contrast to our recent work on the coupled photo-chemical/biotic degradation of 
C60 fullerenes. In that study we found that the addition of pristine fullerenes decreased 
net respiration in the Clermont series soil (CHAPTER 4), a finding which demonstrates 
the potential toxicity of these materials to soil microorganisms. No such repression of 






microbial responses to the highly oxygenated fullerols is fundamentally different to the 
response of pristine fullerenes. 
5.4.2 Isotopic composition of headspace and mineralization of 13C-fullerol in controls 
In order to assess the contribution of abiotic oxidation of fullerols a series of 
controls were established including soil-free and microbially suppressed soils. Based 
upon the amount of carbon evolved from these controls over the course of the 65 day 
incubation, soil-free controls mineralized 0.06 mg (8.8%) of the added fullerol C. 
Although care was taken in shielding microcosms from exposure to light, exposure of 
the controls to light during sampling did occasionally occur.  The role of light exposure in 
mineralizing CNM has been thoroughly researched, and evidence suggests that this 
mineralization would occur more rapidly with more oxidized CNM (Hou and Jafvert 
2009; Su 2013). Fullerols may have been partially mineralized by auto-oxidation; 
dissolved, condensed aromatic substances such as naturally occurring humic acid have 
been demonstrated to undergo auto-oxidation (Swift and Posner 1972). The abiotic and 
dark mineralization of the more condensed C60 fullerenes has also been noted, and Su et 
al. reported the transformation of ~10 % of fullerenes after incubation in the dark for 30 
days (Su 2013). Unfortunately, the water used to prepare the fullerol suspensions were 
not purged of dissolved oxygen before incubation and solution oxygen significantly 
increases the mineralization dissolved organic carbon and fullerenes in both biotic and 
abiotic studies (Swift and Posner 1972; Bastviken et al. 2004; Su 2013). Regardless of the 
mechanism of mineralization, it is important to note that the soil-free controls 






Headspace of Drummer and Clermont microcosms containing microbially 
suppressed soils were found to contain 13C-enriched CO2 from the mineralization of 
added fullerols. The abundance of 13C-enriched CO2 produced by microbially suppressed 
Drummer soil microcosms increased over time reaching a maximum value of 22.5 ± 6.2 
‰ at day 65 which may be a result of the progressive recovery of the soil microbial 
community over time (Figure 5.2). This recovery is also evident in the increased 
respiration rate of these microcosms over time (Figure 5.1).   The δ13C values of the 
microbially suppressed Clermont soils were statistically indistinguishable from the 
healthy soils that contained fullerols. However, over the first 23 days the suppressed 
microcosms exhibited lower (though not significantly at α = 0.05) 13C-enrichment than 
the healthy treatments. As with the suppressed Drummer microcosms, Clermont 
headspace CO2 became progressively more 13C enriched over the course of the 
incubation, particularly following day 23.  Soil respiration also increased over this time 
period suggesting that the microbial community may have recovered enough to 
significantly mineralize fullerols by this time. Despite the observable difference in 
headspace 13C enrichment between healthy and suppressed Clermont microcosms, 
ANOVA was unable to determine that these differences were statistically significant.  
We attribute this to the significant variability in headspace 13C between replicates of the 
suppressed Clermont soils.  Respiration occurred so slowly in these soils that 
occasionally the quantity of CO2 accumulated fell below the calibration range of the 
instrument, resulting in decreased analytical precision with very small sample volumes. 






Clermont microcosms in Figure 5.2, particularly early in the incubation when respiration 
rates were lowest. 
 The δ13C values of the CO2 respired by the water-only controls in the Drummer 
(between -18.4 ± 1.2 ‰ and -20.3 ± 0.3 ‰) and Clermont microcosms (between -16.4 ± 
0.79 ‰ and -20.7 ± 0.12 ‰, see figure 5.2) are expected values for the two soils given 
their bulk carbon isotopic composition of -18.7 ‰ and -20.8 ‰ respectively (Table 5.1).  
Although the relationship between the isotopic composition of soils and the CO2 
respired from SOC varies with time, these values tend range within -2 and +3 ‰ of the 
mean soil values  using similar microcosm designs (Creamer et al. 2011).  
5.4.3 Differentiation of 13C-fullerol and native soil carbon respiration 
The inclusion of 13C-enriched fullerols resulted in a significant enrichment of 13C 
in headspace CO2, indicating that the fullerols were readily mineralized in the soils 
(Figure 5.2). Microcosms containing Drummer soil respired CO2 with an isotopic 
composition of 157.9 ± 20.1 ‰ when first sampled at day 7 of the incubation.  The 
headspace in these microcosms became progressively less 13C enriched as the 
incubation progressed, at an average rate of 2.8 ‰ per day for the first 30 days. 
Between days 30 and 65 headspace CO2 remained relatively consistent between 84.6 ± 
8.3 ‰ and 93.9 ± 5.4 ‰.  Headspace in Clermont microcosms was less enriched at the 
first time point (43.0 ± 7.9 ‰) than were Drummer microcosms.  However, Clermont 
microcosm headspace became more enriched in 13C over the course of the incubation, 








Figure 5.2 Isotopic composition of headspace CO2  respired from soil microcosms 
containing Clermont series soil (top) and Drummer series soil (bottom). Treatments 
without shared letters indicate significant differences between treatments (1-way 
ANOVA, Tukey’s HSD Post-Hoc) (α = 0.05) at a given time point. Error bars represent 
standard error. 
Based upon isotopic composition of respired CO2 the mass of fullerol C 
mineralized could be calculated (see APPENDIX). Over the course of the 65 day 
incubation, significant quantities of fullerol were mineralized; live Drummer microcosms 







added fullerol. The microbially suppressed Drummer microcosms mineralized on 
average 0.09 ± 0.06 mg of fullerol C, corresponding to degradation of 4.07 % of added 
fullerol C.  Living and suppressed Clermont microcosms mineralized 0.18 ± 0.05 mg 
(25.9%) and 0.05 ± 0.02 mg (6.7%) of added fullerol C, respectively.   
The lower rate of fullerol mineralization in the Clermont series soil as a result of 
fullerol addition is also interesting in that soils with comparatively lower clay content 
have been shown to be relatively more sensitive to the degradation of highly condensed 
contaminants (e.g. polyaromatic hydrocarbons (PAHs) and CNM) than are higher clay 
soils, likely as a result of the considerably affinity of some clay minerals for binding these 
contaminants (Muller et al. 2007). For example, Carmichael et al. found silt and clay 
content was inversely related to PAH degradation in a range of soils and was in fact a 
larger driver of PAH transformation than either microbial community or PAH structure 
(Carmichael and Pfaender 1997).  If soil clay content did sorb fullerols, soils with low clay 
content (e.g. Clermont) might be expected to mineralize them rapidly than a more clay 
rich soil (e.g. Drummer).  The impact of clay sorption of condensed compounds may be 
offset in this study by a number of other differences between the Drummer and 
Clermont soils. The Drummer series soil has a higher abundance of bacteria (Figure 5.4) 
and organic matter (Table 5.1).  Natural organic matter has been observed to stabilize 
CNM in suspension (Chen and Elimelech 2007; Hyung et al. 2007) decreasing 
aggregation and increasing transport throughout the soil (Espinasse et al. 2007; Chae et 







facilitate transport of the fullerols throughout the soils, increasing their exposure to and 
degradation by resident soil microorganisms. 
 
Figure 5.3 Percentage of total fullerols mineralized to CO2 in each microcosm. 
Treatments without shared letters indicate significant differences between treatments 
(α = 0.05). Error bars represent standard error. 
The decay rates observed for fullerols in this study are substantially higher than 
those reported for pristine or low functionality CNM such as C60 fullerenes or CNT.  
Hartmann et al. (2011) found no measurable mineralization of fullerenes following 
prolonged exposure to indirect lighting, while a recent study by Parks et al. (2015) found 
a SWCNT degradation rate of <0.33 ng/day in liquid cultures, a rate corresponding to the 
degradation of less than 21.5 ng of SWCNT over a 65 day incubation In a companion 
study to this fullerol degradation work (CHAPTER FOUR) we investigated the 













































soil and found that the irradiated C60 fullerenes degraded at an average rate of 180.9 
ng/day; more than a 10 fold slower rate compared to the fullerol degradation rate (2.7 
µg/day) reported herein.  This distinction underscores the multiple effects of increased 
surface functionalization found in fullerols, as we should expect highly solubility and 
greater ease of bond cleavage with lower aromaticity and increased hydroxyl content of 
the synthetic fullerol.  The only other study to date investigating the biotic degradation 
of fullerols, Schreiner et al., reported the mineralization of 1 mg of fullerols over a 16 
week period, giving an average mineralization rate of 8.9 µg/day. However, the CNM 
loading in that study was significantly higher than in the present study (35 mg vs. 5.3 mg 
for Drummer microcosms). As a result the mineralization presented in Schreiner et al. 
corresponds to the mineralization of only 2.86 % of fullerol mineralized over a 16 week 
incubation which is significantly less than the observed mineralization of 59.1% over 4 
weeks by the Drummer series soil in the present study.  This discrepancy is not 
surprising however, as single-culture studies investigating contaminant degradation 
typically report much lower rates of mineralization than do studies involving complex 
microbial consortia (e.g. those found in soils), as few microorganisms possess the 
necessary suite of degradative enzymes to fully convert a xenobiotic molecule to CO2 
themselves (De Schrijver and De Mot 1999; Haritash and Kaushik 2009). In fact, 
Schreiner et al., found that one the major transformations of the fullerols in single-
culture system studied was the fungal bleaching of fullerols without complete oxidation 
or metabolic update. Similarly, Boonchan et al. reports that significant degradation of 







occur when in axenic cultures. The rapid mineralization of CNM reported in this study 
thus underscores the importance of both CNM surface chemistry and incubation 
substrate when considering the environmental fate of a nanomaterial.   
5.4.4 Fullerol degradation is laccase and peroxidase independent 
 Oxidative enzyme activity was measured by incubation of soil homogenates with 
L-DOPA and spectroscopic quantitation of the reaction product, dopachrome, at 460nm.  
The inclusion of C60 fullerols to soil microcosms did not significantly impact the activity 
of oxidative enzymes in the phenol oxidase and peroxidase enzyme family, regardless of 
soil type. Phenol oxidase activity in Clermont microcosms containing fullerol was found 
to be 0.488 ± 0.05 and 0.546 ± 0.08 µmol dopachrome Hr-1gsoil-1 in microcosms 
containing only water. Peroxidase activity was found to be 2.34 ± 0.17 and 2.36±0.16 
µmol dopachrome Hr-1gsoil-1 in fullerol and water only Clermont microcosms 
respectively.  Drummer microcosms containing fullerols had an average phenol oxidase 
activity of 0.584 ± 0.10 and a peroxidase activity of 1.32 ± 0.20, while corresponding 
water only microcosms had respective activities of 0.530 ± 0.11 and 1.33 ± 0.20 µmol 
dopachrome Hr-1gsoil-1. The inability of C60 fullerol to alter activity of these enzymes is 
noteworthy as a previous study using similar methods reported that pristine C60 
fullerenes decreased the apparent activity of peroxidase enzymes by 14.5% (Berry et al. 
2015) while pure culture studies utilizing carbon nanotubes report increased activity of 
these enzymes when the nanotubes are functionalized with oxygen containing groups 
(Allen et al. 2008; Zhao et al. 2011; Berry et al. 2014). Schreiner et al. (2009) observed 







Trametes versicolor and Phlebia tremellosa, fungi known to produce an array of 
powerful oxidative enzymes (Schreiner et al. 2009) and suggested an extracellular 
degradation pathway involving both hydrolytic and oxidative enzymes.  In this study we 
report significant degradation of C60 fullerols in the apparent absence of increased 
oxidative enzyme activity, which suggests that either intracellular oxidative or non-
oxidative extracellular are the primary drivers of CNM degradation certain soils. In light 
of this potentially conflicting data on the role of oxidative enzymes in CNM degradation 
it is important to acknowledge that findings from such cell-free and pure culture studies 
are not always directly transferable to more complex systems such as soils where many 
additional variables such as sorption of clay and mineral surfaces can control apparent 
enzyme activity (Sinsabaugh et al. 2009; Sinsabaugh 2010).   
5.4.5 Bacterial Abundance and Microbial Community Structure 
 Bacterial abundance, defined herein as the number of copies of the 16S rRNA 
gene per gram of dry soil as determined by qPCR was significantly altered with the 
addition of fullerols in both soils. Clermont microcosms containing fullerol had an 
average bacterial abundance of 3.83 X 107 copies per gram soil compared to 2.58 X 107 
copies per gram in microcosms that did not contain fullerols. Bacterial abundance in 
Drummer soil microcosms similarly increased from 2.49 X 108 to 3.57 X 108. copies per 
gram soil when fullerol was included.  As intended, soils of both types that had been 
autoclaved and fumigated had significantly fewer copies of the 16S rRNA gene with 
suppressed Drummer soils containing 1.34 X 107 copies per gram soil.  Despite the 







quite abundant by the end of the incubation period. Insufficient DNA was extracted 
from suppressed Clermont microcosms for successful qPCR analysis  
 
Figure 5.4 Bacterial abundance in Clermont and Drummer soils for different treatments, 
calculated as the copy number of 16S rRNA gene per gram of dry soil. Each point in the 
graphic represent the average of fifteen data points (Triplicate qPCR reactions for each 
of the replicates from each treatment), and error bars represent standard error. The 
efficiency of the qPCR was higher than 97% (slopes ~-3.3) and the correlation coefficient 
higher than 0.99. DNA concentration of microbially suppressed Clermont soils was 
below threshold for successful qPCR and is omitted. 
 Although both soils had an increase in bacterial abundance when incubated with 
fullerols, only the Drummer series soil had significant differences in microbial 
community structure as determined by DGGE fingerprinting.  Cluster analysis indicates 
that differences in community structure are small, with the cluster predominantly 
populated with water only microcosms having a Dice similarity of ~90 % to the cluster 
comprised entirely of fullerol containing microcosms.  Although relatively small, the 









































Clermont soil with less organic content is noteworthy because  previous studies on the 
impact of CNM on microbial community structure that used Drummer series soils 
consistently report no difference following addition of C60 fullerenes (Tong et al. 2007) 
or CNTs (Tong et al. 2012).  The inability of CNM additions to induce changes in 
microbial community in this soil (while readily causing changes in other soils) is often 
attributed to the high organic matter content which is thought to be able to stabilize 
CNM suspensions through sorption effects, as discussed above (Tong et al. 2012).  While 
stabilization of CNM by organic matter may help to increase dispersal throughout a soil 
by preventing aggregate formation (Chen and Elimelech 2007; Espinasse et al. 2007; 
Chen and Elimelech 2008), this same process may act to decrease CNM toxicity (Li et al. 
2008). Although the fullerols in this study have a high surface oxygen content and are 
readily soluble in water, properties of the soil solution are still expected to be a major 
driver in CNM suspension stability (Yang et al. 2013).  The simultaneous increase in 
bacterial abundance and facile mineralization of added fullerols suggests that changes in 
microbial community structure under these conditions may be the result of CNM being 
used as a carbon source rather than a toxin, a role that is facilitated by increased 








Figure 5.5 Clustering analysis of the bacterial community structure in Clermont (left) and 
Drummer (right) soils after different treatments. Dendrogram based on Dice similarities 
and constructed using UPGMA. Each lane corresponds to a soil sample, each treatment 
has 5 replicates. First number after the name of the soil corresponds to the treatment (F 
= fullerol, W = water), and the following number represents the technical replica. 
5.4.6 Microbial uptake of fullerol C 
. No significant differences in the PLFA abundance of individual guilds was noted 
(figure 5.6). In general the PLFA profile of both Clermont and Drummer soils was 
dominated by Gram positive bacteria.  For the Clermont soil, 34.22 ± 0.94 and 34.11 ± 
1.20 % of the PLFA were Gram positive in the water-only and fullerol treatments, 
respectively. Drummer soils have similar Gram positive abundance at 32.80 ± 0.78 and 
31.02 ± 1.22 for water and fullerol treatments, respectively.   Drummer soils had 
significantly more PLFA from Gram negative sources than the Clermont series (Drummer 
Water = 11.21 ± 1.69, Drummer Fullerol = 12.27 ± 1.27, Clermont Water = 2.08 ± 0.24, 
Clermont Fullerol = 2.24 ± 0.31). Notably absent from the PLFA of either soil used in this 
study are the commonly used fungal biomarkers 18:2ω6,9c and 18:2ω6,9t.  As a result, 
there are no PLFA that can be clearly attributed to fungi in the two soils used herein.  







reported at a fungal contribution of at least 17% (Orr et al. 2015). However, it that study 
18:1ω9c/t were considered fungal biomarkers. Although 18:1ω9c/t are occasionally 
used as a fungal biomarkers (Bird et al. 2011; Creamer et al. 2015) we have not included 
them in this grouping in our analyses, as previous studies have found that 18:1ω9c/t is 
poorly correlated with fungal biomass in the absence of 18:2ω6,9c/t, especially in 
agricultural soils like those used in this study (Frostegard et al. 2011).  Instead we opted 
to classify 18:1ω9c/t as a non-specific bacterial biomarker as it is frequently cited as 
being a significant component of bacterial phospholipids (Zelles 1999; Schoug et al. 
2008).  Although fungi are often significantly less plentiful in agricultural soils, likely as a 
result of increased sensitivity to tillage practices (Guggenberger et al. 1999; Six et al. 
2004; Six et al. 2006) it is unlikely that fungi are completely absent from the soil. 









Figure 5.6 Percent contributions of microbial guilds to total PLFA extracted. Error bars 
indicate standard error. 
Principle component analysis of PLFA extracted from microcosms highlights 
differences in microbial community structure between microcosms of in the contrasting 
soils and receiving different treatments (Figure 5.6).  PLFA from the different soils 
separate along PC1, which accounts for 51.1 % of the total observed variance.  
Treatment type is partially separated along PC2 (accounting for 26.7% of variance) with 
autoclaved Drummer microcosms very clearly segregating along this axis while 
separation among Clermont soil microcosms is less complete. While soil type clearly has 
a significant impact on the PLFA composition of the microbial community (p = 0.001 
with PERMANOVA), the impact of fullerol exposure on the PLFA composition of the 
community is not significant (p = 0.516 for all soils).  This finding is broadly consistent 



































only small shifts in community structure following fullerol addition. However, while 
DGGE found a significant difference in clustering between treatments, we do not 
observe the same significant shift in PLFA composition. These results are consistent with 
shifts in the microbial community structure of the soil, but within the microbial guild as 
assessed by PLFA analysis (e.g. the substitution of one gram bacteria for another with a 
similar PLFA profile). 
   While fullerol treatment did not have a significant impact on the overall PLFA 
fingerprint, individual PLFA were found to significantly contribute to separation between 
treatments using the SIMPER analysis in PRIMER.  The monounsaturated PLFA 16:1ω9c 
is a major driver of separation between both soils and treatment groups, contributing 
44.6% to the separation between Clermont and Drummer soils when all treatments are 
considered. Separation between treatments in the Drummer series soil was also 
dominated by this PLFA (accounting for 41.8% of the observed separation).  Discounting 
the autoclaved treatment, the largest drivers of separation between water and fullerol 
treatments when considering both soils are the mono-unsaturated PLFAs 16:1ω9c and 
18:1ω9c (56.2 and 13.81 % separation respectively) and the branched-chain PLFA i15:0 









Figure 5.7 Principal component analysis of the proportional mol% of PLFA extracted 
from soil microcosms following incubation. Percentage of variance explained by a PC is 
given on the respective axis, the two PC plotted explain a total of 77.8% of the total 
variance.  The overlaid vector map displays PLFA with Pearson correlations >0.30 along 
the PCs, with line length indicating size of loading along the axes. Due to formatting 
constraints imposed by the software, the PLFA previously described as 16:0 is labelled as 
C16 in the above figure. 
 The use of 13C enriched fullerol in this study allows, for the first time, the 
quantification of microbial uptake of fullerol derived carbon in a soil.  Table 5.2 lists the 
difference between the isotopic composition of PLFA extracted from fullerol treated 
Drummer microcosms and those extracted from fullerol-free controls.  These values 
were used to calculate fractional contribution of fullerol C to microbial lipids and 







Analyzed by CSIA, 12 were found to be significantly enriched in 13C with respect to SOC 
and the corresponding PLFA grown in controls containing only water.   
Table 5.2 Difference in 13C content between PLFA extracted from fullerol and water only 
microcosms and the corresponding contribution of fullerol derived carbon to the total 
carbon content of the PLFA. Asterisks indicate a significant difference in isotopic 
composition between a PLFA extracted from fullerol containing soil and the 
corresponding PLFA from the water only controls (α = 0.05). 
PLFA δCFullerol Lipid- δCControl Lipid 
Percent C from 
Fullerol 
8:0 3.58 ± 1.81 0.10 
10:0 0.55 ± 3.15 <0.05 
12:0 2.40 ± 3.47 0.06 
i14:0 4.96 ± 1.75* 0.13 
i15:0 12.05 ± 2.09* 0.33 
a15:0 7.82 ± 1.83* 0.21 
i16:0 9.29 ± 1.15* 0.25 
16:0 20.93 ± 4.72* 0.57 
10Me16 42.81 ± 4.25* 1.16 
17:1n? 9.57 ± 1.39* 0.26 
17:1n?(2) 9.56 ± 2.01* 0.26 
18:0 45.46 ± 3.11* 1.23 
18:1ω9c/ 
18:1n? 
61.74 ± 2.55* 1.67 
cy19 46.26 ± 3.31* 1.25 
 
Using the mass and δ13C of each PLFA, the fractional contribution of the fullerol 
sourced 13C can be used to estimate the total mass of fullerol C incorporated into PLFA 
and biomass for both gram positive and gram negative microbial guilds  (Table 5.3).  This 







CNM carbon from those may be abundant but are less involved in assimilation of 
mineralized CNM.  The Gram positive bacteria, accounting for 31.02 % of all extracted 
PLFA in the fullerol treated Drummer soil, derived just 0.27 % of PLFA carbon from 
fullerols while the Gram negative bacteria, with only 12.27 % of the total PLFA ascribed 
to their guild, derived 1.25 % of their PLFA carbon from the fullerols.   
The affinity of Gram negative bacteria for labile fractions of  condensed soil 
amendments has been previously noted in CSIA studies involving the degradation of 
pyrogenic organic matter (PYOM) (Steinbeiss et al. 2009; Bird et al. 2011). Conversely, 
Gram positive bacteria are frequently associated with more slowly degraded pools of 
soil carbon (Kramer and Gleixner 2008; Bird et al. 2011).  These observations may help 
explain the difference in microbial uptake of CMN carbon by these groups in the present 
study; the highly soluble 13C60(OH)19-27 are degraded more readily by Gram negative 
bacteria as they are better suited to quickly utilize dissolved carbon sources rather than 
expend energy on extracelluar enzymes to break down complex organic matter, indeed 
previous studies have observed the uptake of C60 into Gram negative bacteria with 
minimal losses to viability (An and Jin 2012).  If this generalization does indeed hold for 
CNM, one might expect Gram positive bacterial to preferentially incorporate carbon 









Table 5.3 Contribution of Fullerol C to PLFA and Total Microbial Biomass. 
 Characteristic PLFA 














i14:0, i15:0, a15:0, 
i16:0 
1646.1 4.4 0.27 0.25 ± 0.019 
Gram Negative 
Bacteria 
cy19 84.9 1.1 1.25 0.05 ± 0.007 






1059.8 16.4 1.56 0.71 ± 0.112 
General 8:0, 10:0, 12:0, 16:0 1742.2 12.2 0.70 0.64 ± 0.044 
Whole Soil All of Above 4578.6 34.6 0.76 1.78 ± 0.163 
  
The only previous study to assess the uptake of fullerol derived carbon into 
microbial biomass reported a CNM contribution to PLFA C of < 0.14 % by the cultured 
white-rot fungi Phlebia tremellosa (Schreiner et al. 2009).  As discussed above in the 
context of CNM mineralization to CO2, it is not surprising that a complex mixture of 
microorganisms was able to better incorporate nanocarbon, as numerous 
complimentary degradative systems are able to behave synergistically (Bouchez et al. 
1999; Boonchan et al. 2000; Peng et al. 2008). This finding is reinforced by the 
observation that a diverse group of microorganisms can be seen to incorporate 
nanocarbon into their biomass in the present study, indicating that multiple microbial 
guilds are utilizing the CNM as a carbon source.  
In total, the PLFA of soil microbial community accounts for the uptake of 34.6 ng 
of the fullerol C added to the Drummer microcosms while total biomass (calculated as 
described in the materials and methods) is estimated to contain 1.78 µg fullerol carbon.  







total biomass uptake accounts for ~0.08% of fullerol C.  As the Drummer soil community 
oxidized 1.31 mg of added fullerols (live Drummer soil minus suppressed controls) the 
uptake of only 1.78 µg indicates a strong preference for microbial oxidation of fullerols 
over uptake (uptake : mineralization = 0.0014 : 1). Although microbial biomass was 
observed to contain significantly more fullerol derived carbon in this study than in 
Schreiner et al., it is important to note that the rate of incorporation reported herein is 
small in comparison to more conventional microbial substrates (e.g. Wood or plant 
litter). For example Santos et al. reported that soil PLFA were found to incorporate 
16.2 %  of carbon from the degradation of pine wood over only 42 days (Santos et al. 
2012). However, studies focusing on the degradation of more condensed natural 
substrates (e.g. PyOM) report mineralization rates and microbial uptake similar to those 
found in the current study (Kuzyakov et al. 2009). It is important to note that only a 
small component of total microbial biomass is being assessed in this study.   
5.5 Conclusions 
As a follow-up to the work presented in CHAPTER FOUR, this study examines 
CNM degradation and microbial substrate utilization by utilizing 13C-enriched C60 
fullerols as a sensitive tracer of the environmental fate of highly functionalized CNM.   
Using these CNM, we report for the first time the rates of microbially driven 
mineralization of C60 fullerols in soils and the subsequent incorporation of CNM derived 
carbon into microbial biomass.  As hypothesized, the fullerols in this study were rapidly 
mineralized following addition to both soils.  The mineralization observed in this study 







more condensed CNM such as CNT (Parks et al. 2015) and C60 fullerenes (Hartmann et 
al. 2011) and indicates the crucial roles of surface chemistry when assessing the 
environmental fate of similar materials.  The use of two agricultural soils with 
contrasting properties also allow us to gauge importance of soil properties on 
facilitating the mineralization of CNM.  While we found that the more clay and organic 
rich Drummer series soil was able more readily mineralize fullerol than a sandier, less 
organic soil (59.1 versus 25.9 % CNM mineralization) it was not possible to determine 
whether this was the result of edaphic properties of the unique microbial communities 
of the two soils. Finally, by using CSIA to trace 13C into microbial PLFA, we were able to 
determine for the first time which microbial populations might be best suited for the 
degradation of CNM.  The findings of this study should prove useful in informing future 
works on the degradation of CNM in soils by identifying important processes and 
microbial communities that can expected to control the environmental fate of CNM. 
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CHAPTER 6. CONCLUSIONS AND FUTURE DIRECTIONS 
6.1 Summary 
As the synthesis of CNM continues to grow with lowering production costs and 
increasing applications, so too does their potential to accumulate in the environment 
(De Volder et al. 2013, Zhang et al. 2013). In order to understand the environmental 
risks imposed by CNM, it is important to study more than their potential toxicity; we 
must also understand the processes and properties that contribute to their 
transformation and decay. Without this knowledge it is impossible to assess the 
potential threats of CNM accumulation in the environment. 
 Each study in this dissertation helps to further the current understanding on the 
properties that control CNM degradation by microorganisms.  In CHAPTER TWO we 
demonstrated the crucial role of surface functionalization in the enzymatic response of 
the saprotrophic fungi T. versicolor and P. tremellosa towards CNT. With a powerful 
arsenal of degradative enzymes these organisms have the potential to be major 
degraders of CNM in certain environments (Schreiner et al. 2009, Berry et al. 2014). 
These model fungi did not respond enzymatically to the presence of purified and 
unfunctionalized CNT, they did however exhibit increased enzyme activity when grown 







within polymer composites had little impact on enzyme activity, further emphasizing the 
importantance of CNM surface/microbial interaction in stimulating enzyme production 
(CHAPTER THREE). 
 While previous studies on the mineralization of the CNM reported negligible or 
very slow decomposition of CNM (Hartmann et al. 2011, Avanasi et al. 2014, Parks et al. 
2015) we found that when coupled with abiotic processes such as photo-degradation, 
~0.78 of C60 fullerenes added to soil were mineralized over the course of a two month 
incubation (CHAPTER FOUR).  Mineralization of fullerenes in this study was related to 
photo-irradiation duration, providing a strong link between light induced surface 
oxygenation of CNM and subsequent degradation in soil (Hou et al. 2009, 2010). These 
results were the first to link abiotic surface changes to measurable decay in an 
environmental substrate. A follow-up study using highly functionalized 13C-enriched 
fullerols further demonstrated the relationship between surface functionalization and 
mineralization in soils (CHAPTER FIVE).  The amount of fullerols mineralized over the 65 
day incubation varied between soils, with the more clay and organic matter rich 
Drummer series soil mineralizing ~59.1% of added fullerols and the lower-carbon 
Clermont series soil degrading ~25.9% of the added fullerols.  This difference indicates 
that edaphic properties may serve as significant controls on the biotic mineralization of 
CNM, especially when highly functionalized.  The use of a stable isotope label also 
allowed for the tracing of fullerol carbon into microbial PLFA and the determination of 
the microbial communities most activity in the uptake of mineralized fullerols.  We 







carbon into their biomass than Gram positive bacteria (including Actinomycetes) were.  
This is the first ever study to report the incorporation of CNM derived carbon into 
microbial biomass extracted from an environmental substrate. 
 Together, these studies reveal that, as hypothesized, surface chemistry is a 
major control on the microbial degradation of CNM by influencing the production of 
extracellular oxidative enzymes (CHAPTER TWO) and facilitating degradation in soils 
(CHAPTERS FOUR and FIVE).  We also demonstrated the importance of considering 
abiotic transformative processes when investigating biotic mineralization of CNM, as 
these processes are coupled.   The importance of the environmental processes and CNM 
properties studied herein in controlling the microbial degradation of CNM will be a 
useful in informing future studies investigating the environmental fate of CNM. 
6.2 Future Directions 
Although this dissertation contributes important insights on environmental 
degradation of CNM, there are still plenty of unanswered questions surrounding the 
environmental fate of these materials.  One important question left unanswered is the 
role of extracellular enzymes in degrading CNM.  The results of enzyme assays 
conducted in CHAPTER TWO and CHAPTERS FOUR and FIVE reveal a potential 
disconnect between degradation studies conducted on different CNM and in different 
substrates.  While the white-rot fungi in CHAPTER TWO exhibited increased enzymatic 
activity in the presence of surface functionalized CNT, exploring the mechanism behind 
this response was beyond the scope of the study.  Furthermore, despite obvious 







or peroxidase enzymes was observed despite the presence of surface functionalized 
CNM.  There are a number of potential explanations for this observation; agricultural 
soils, especially those that have undergone tillage in the past are frequently depleted in 
fungi (Guggenberger et al. 1999, Six et al. 2006) the organisms most frequently 
associated with the production of the enzymes (Leonowicz et al. 1999, Thurston 1994).  
However, the possibility remains extracellular enzyme production is only promoted 
when the organism encounters a CNM that it cannot possibly degrade intracellularly.  A 
CNT might have an aspect ratio of 1:1,000,000 making cellular uptake impossible while 
C60 is significantly smaller; Gram negative bacteria have been observed taking up 
fullerene particles with little loss in viability. One potential study that would help clarify 
the relationship between soil, CNM, and enzymatic response would involve conducting 
incubations of both purified, unfunctionalized SWCNT and functionalized SWCNT in a 
forest soil with a large population of fungi. 
The precise role of soil properties on controlling the microbial response to CNM is 
also poorly understood.  Although clay minerals have been observed adsorbing and 
protecting PAH from degradation (Carmichael and Pfaender 1997), the same process 
has not be observed to occur with CNM.  The role of dissolved organic matter on CNM 
solutions is better understood, as numerous studies have reported that DOM is able to 
stabilize CNM, preventing aggregation and promoting transport (Chen and Elimelech 
2009; Espinasse et al. 2007).  However, only a single study has attempted to investigate 
the impacts of clay and organic matter content  in soils with CNM degradation, and that 







the most favorable circumstances (Avanasi et al. 2014).  Future microcosm incubation 
studies examining the mineralization of CNM should include enough different soils to 
generate a factorial experimental design that includes varying levels of clay and organic 
matter.  Mineralization studies could then be conducted with CNM of different 
functionalities to help elucidate the interactions between CNM surface chemistry, 
edaphic properties, and mineralization in an environmentally relevant study. 
These suggested experiments address only a few of the many unknown factors 
that control the environmental fate of CNM. As this dissertation demonstrates the role 
of surface functionalization in promoting CNM degradation, future studies should take 
care to address the potential interactions between CNM surface chemistry and 
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A.1. C60 mineralization calculations 
Head-space analysis using the Sercon TGA2 trace gas analyzer requires evacuation of 
the microcosm headspace and quantifies total headspace CO2. The respiration rate of a 
microcosm can then be calculated by the quantity of CO2 by the time the microcosm was 




      Equation 1 
As headspace was flushed during each sampling, the quantity of carbon respired 
between samplings was calculated by integrating the measured respiration rates between 
time points using the trapezoidal approximation. Cumulative CO2 is the summation of 
these trapezoidal approximations and was calculated using the equation below. 
𝑇𝑜𝑡𝑎𝑙 𝐶𝑂2 𝑅𝑒𝑠𝑝𝑖𝑟𝑒𝑑 = ∑( 
𝑅𝑅𝑇𝑛+𝑅𝑅𝑇𝑛+1
2
 × (𝑇𝑛  − 𝑇𝑛+1))    Equation 2 
Where TN is the time of sampling in the incubation and TN+1 is the time of the 
subsequent sampling.  RRTN and RRTN+1 correspond to the respiration rates at sampling 
time points Tn and Tn+1 respectively (as calculated in Equation 1. Care must be taken to 
insure that units used to define Tn are consistent with the units used in the calculation of 
RRTn (i.e. if RRTn is measured in mg C/hour, Tn must represent the time in hours during 







The fractional contribution of mineralized C60 fullerene (in CHAPTER FOUR) and 
C60 fullerol (CHAPTER FIVE) to the total CO2 efflux from soil microcosms at a given time 






     Equation 3 
In which δ13 CC60 Headspace and δ13 CControl Headspace are the isotopic compositions of the 
headspace CO2 from microcosms containing C60 and C60-free controls respectively and 
δ13C60 is the isotopic composition of the added C60 (3683.73 ‰).   
Finally, the quantity of C60 mineralized into CO2 over the course of the incubation 
is computed as the summation of fractional contribution of C60 to headspace CO2 
multiplied by the CO2 respired (Equation 4). 
𝑇𝑜𝑡𝑎𝑙 𝐶60 𝑀𝑖𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑒𝑑 = ∑(𝐹𝐶60 𝑇 × 𝐶𝑂2 𝑇)     Equation 4 
A2. PLFA-FAME Calculations 
PLFA extracted from microcosm soils were converted by mild alkaline methanolysis 
into the corresponding FAMEs to enable analysis by GC.  The measured isotopic 
composition of the FAMES analyzed by CSIA were corrected to remove the contribution 





      Equation 5 
Where δ13CFAME  is the isotopic composition of the FAME, δ13CMeOH is the isotopic 
composition the methyl group added by methanolysis, and N is the number of carbon 
atoms in the FAME. A mixing model equation similar to Equation 3 was then used to 












       Equation 6 
Where δ13CC60 Lipid and δ13CControl Lipid are the isotopic compositions a PLFA extracted from 
the fullerol containing and fullerol-free microcosms, respectively. The quantity of 
fullerol taken up into PLFA of a microbial guild is calculated by multiplying the fractional 
contribution of fullerol (calculated with Equation 6) to biomass by the actual quantity of 
PLFA carbon for each characteristic PLFA and summing the results as in Equation 7. 
𝐶60 𝑈𝑝𝑡𝑎𝑘𝑒𝐺𝑢𝑖𝑙𝑑 𝑃𝐿𝐹𝐴 = ∑(𝐹𝐶60 × 𝑃𝐿𝐹𝐴𝐶)      Equation 7 
Where PLFAc is total carbon in an individual PLFA.  The ratio of this value to the total 
guild PLFA carbon pool gives the ratio of C60 carbon to other carbon in all of the guild’s 
PLFA.  
𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑈𝑝𝑡𝑎𝑘𝑒 𝑅𝑎𝑡𝑖𝑜 =
𝐶60 𝑈𝑝𝑡𝑎𝑘𝑒𝐺𝑢𝑖𝑙𝑑 𝑃𝐿𝐹𝐴
𝑇𝑜𝑡𝑎𝑙 𝐺𝑢𝑖𝑙𝑑 𝑃𝐿𝐹𝐴𝐶
    Equation 8 
Finally, this is used to estimate total fullerol uptake into total microbial guild biomass by 
multiplying guild PLFA abundance (normalized to soil SOM) by the average quantity of 
PLFA in a bacterial cell (1.4E-8 nmol/Cell, Frostegard et al. 1996) and the total carbon 
content of a bacterial cell (3E-11mg/Cell, Fukada et al. 1998 and Loferer-Krossbacher et 
al. 1998) . 
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